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Research and Health Care Goals Differ 
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A portrait of a tawny crazy ant worker (Nylanderia fulva). Tawny 
crazy ants, native to central South America, are invading the 
southeastern United States and, in some places, displacing the 
current dominant South American ant invader, red imported fire 
ants (Solenopsis invicta). A notable ability to detoxify the venom 
of imported fire ants apparently underlies the success of tawny 
crazy ants. See pages 974 and 1014. 
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986  ESCRT Machinery Is Required for Plasma 
Membrane Repair 
A. J. Jimenez et al. 
ESCRT proteins repair small wounds in 
the plasma membrane by shearing off 
damaged portions. 
Research Article Summary; for full text: 
http://dx. doi.org/10.1126/science.1247136 
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yeast can be traced to distinct steady-state 
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Research Article Summary; for full text: 
http://dx. doi.org/10.1126/science.1245114 
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Environment from IBEX 
N. A. Schwadron et al. 

Local interstellar conditions play a role in 
ordering very-high-energy cosmic rays in 
the Sun's immediate environment. 
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Layer Oxygen Evolution Catalysts 
for Solar Water Splitting 
T. W. Kim and K.-S. Choi 
A high-surface-area morphology of bismuth 
vanadate enhances the proportion of 
photogenerated holes that can oxidize water. 
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J. S. Johnson et al. 
Pine Island Glacier in Antarctica thinned 
rapidly, as it is doing now, at least once 
before in the past 8000 years. 
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Promoter-Bound Trinucleotide Repeat 
mRNA Drives Epigenetic Silencing in 
Fragile X Syndrome 

D. Colak et al. 

An abnormal activation of gene silencing 
underlies fragile X syndrome. 


Phonetic Feature Encoding in Human 
Superior Temporal Gyrus 

N. Mesgarani et al. 

The human auditory cortex encodes what speech 
sounds like. 

>> Perspective p. 978 


Detection of a Recurrent DNAJB1-PRKACA 
Chimeric Transcript in Fibrolamellar 
Hepatocellular Carcinoma 

J. N. Honeyman et al. 

A rare form of liver cancer affecting young 
adults expresses a chimeric kinase that may 
contribute to pathogenesis. 


Chemical Warfare Among Invaders: 

A Detoxification Interaction Facilitates 
an Ant Invasion 

E. G. LeBrun et al. 

After fire ants invade, they can be invaded 
in turn by tawny crazy ants. 

>> Perspective p. 974 


Resurrecting Surviving Neandertal Lineages 
from Modern Human Genomes 

B. Vernot and J. M. Akey 

Ancestral Neandertal sequences within extant 
humans reveal that positive and purifying 
selection has occurred. 


Molecular Editing of Cellular Responses by 
the High-Affinity Receptor for IgE 

R. Suzuki et al. 

One receptor uses different signals to achieve 
different outcomes. 

>> Perspective p. 982 


Cell Surface ABP1-TMK Auxin-Sensing 
Complex Activates ROP GTPase Signaling 
T. Xu et al. 

An alternate signaling route for the plant 
hormone auxin goes directly inside from 
the cell surface. 
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Deciphering 
Language >> 


Consonants and vowels 

represent basic building 

blocks of human language. 

How their characteristics are 

extracted from acoustic speech input is 

not well understood. Directly recording from 


the superior temporal gyrus of patients as part 
of their clinical evaluation for epilepsy surgery, 


Mesgarani et al. (p. 1006, published online 30 January; see the 
Perspective by Grodzinsky and Nelken) investigated neural responses 
while the subjects listened to continuous speech. The findings reveal how 
both vowels and consonants of different phonetic categories are encoded. 


Ordering Cosmic Rays 


Earth and other planets are constantly bombarded 
by cosmic rays (charged particles from the 
cosmos). The flux of very-high-energy cosmic 

rays varies according to where we look in the sky. 
Schwadron et al. (p. 988, published online 13 
February) show that recent measurements of the 
local interstellar parameters by NASA's Interstellar 
Boundary Explorer satellite are consistent with 
observed cosmic ray anisotropies at tera—electron 
volt energies, implying that local interstellar 
conditions play a role in ordering very-high- 
energy cosmic rays in our cosmic vicinity. 


Polymer Film Behavior 


An ongoing debate in the understanding of the 
behavior of thin-film glassy polymers is whether 
there is nanoconfinement of large molecules or 
enhanced mobility near a free surface. Chai et 
al. (p. 994; see the Perspective by Chen et al.) 
prepared polymer films with a sharp step in the 
profile by depositing broken film fragments onto 
a uniform underlay. Atomic force microscopy 
revealed changes to the overall film profile with 
time at various temperatures. A transition was 
observed from localized motions to relaxation of 
the entire film at a temperature close to that of 
the bulk glass transition temperature. 


Once in a While 


Many regions at the edge of the Antarctic Ice 
Sheet have rapidly increased the rates at which 
they are sliding into the sea and thinning, raising 
concerns that global warming might cause the 
sudden collapse of some sections. Johnson et al. 
(p. 999, published online 20 February) present 
data from Pine Island Glacier, which has been 
thinning and retreating rapidly over the past two 
decades. The glacier experienced another rapid 
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thinning around 8000 years ago, which occurred 
about as quickly as is happening now, and which 
lasted for 25 to 100 years. 


A Boost for Bismuth 
Vanadate 


In theory, given its light-absorption spectrum, 
bismuth vanadate should be an effective 
photoanode for solar water-splitting. However, 
in prior studies, 

few of the “holes” 
generated upon 
photoexcitation have 
persisted long enough 
to strip electrons from 
water. Kim and Choi 
(p. 990, published 
online 13 February) 
now show that the 

use of a hydrophobic 
vanadium source in 
the semiconductor’s synthesis results in a high- 
surface-area morphology with substantially 
enhanced hole lifetimes. Deposition of two 
successive catalyst layers enhanced the 
proportion of holes that reacted with water at 
the surface, thereby raising the efficiency of the 
oxygen evolution reaction. 


Oncogenic Suspect Exposed 


It can be difficult logistically to study the 
genomics of rare variants of common cancers. 
Nevertheless, Honeyman et al. (p. 1010) 
studied fibrolamellar hepatocellular carcinoma 
(FL-HCC), a rare and poorly understood liver 
tumor that affects adolescents and young adults 
and for which there is no effective treatment. 
FL-HCCs from 15 patients all expressed a 
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chimeric RNA transcript and protein containing 

sequences from a molecular chaperone fused 

in frame with sequences from the catalytic 

domain of protein kinase A. The chimeric 

protein retained kinase activity in vitro. 

Such recurrent gene fusions in cancer may 
signal a role in pathogenesis and provide an 
opportunity for therapeutic intervention. 


Allergen Affinity 


Allergic responses are initiated by interaction 
of allergens with immunoglobulin E (IgE) 
antibodies, which in turn bind to IgE receptors 
on the surface of mast cells. Suzuki et al. 

(p. 1021, published online 6 February; see 

the Perspective by Daéron) explored how the 
signaling properties of such receptor complexes 
differ, depending on the affinity of the IgE 
antibody for the antigen leading to different 
allergic responses. 


Know Your Enemy 


Fire ants accidentally introduced to North America 
from their native range in Argentina have been 
hugely invasive and difficult to eradicate and 
caused both environmental and economic 
damage. Recently, another accidentally 
introduced Argentine ant, the tawny 
crazy ant, appears to be displacing the 
fire ants. How? LeBrun et al. (p. 1014, 
published online 13 February; see the 
Perspective by Kaspari and Weiser) 
show that tawny crazy ants have a 
chemical and behavioral response to the 
toxic bite of fire ants that vastly reduces 
} their mortality during confrontations 
and that allows the tawny crazy ants to 
outcompete their rivals. 


Neandertal Shadows in Us 


Non-African modern humans carry a remnant 
of Neandertal DNA from interbreeding events 
that have been postulated to have occurred 

as humans migrated out of Africa. While 

the total amount of Neandertal sequence is 
estimated to be less than 3% of the modern 
genome, the specific retained sequences vary 
among individuals. Analyzing the genomes 

of more than 600 Europeans and East Asians, 
Vernot and Akey (p. 1017, published online 
29 January) identified Neandertal sequences 
within modern humans that taken together span 
approximately 20% of the Neandertal genome. 
Some Neandertal-derived sequences appear to 
be under positive selection in humans, including 
several genes associated with skin phenotypes. 
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Additional summaries 


Synthesis in the Spotlight 


Most organic molecules absorb little or no 
visible light. Consequently, conventional organic 
photochemistry has relied on excitation in the 
ultraviolet regime, with the drawback that the 
high energy involved can lead to undesirable 
by-products. Over the past several years, an 
alternative strategy has emerged involving the 
visible excitation of metal complexes (primarily 
ruthenium and iridium) that can then engage 
in electron or energy transfer with organic 
compounds. The ensuing reactivity patterns 
complement thermally accessible outcomes 
without introducing detrimental quantities 

of excess energy. Schultz and Yoon (p. 985) 
review developments in this rapidly advancing 
area of photoredox catalysis. 


ESCRT Your Wound Away 


The ESCRT (endosomal sorting complex 
required for transport) protein complex plays 
a role in budding into multivesicular bodies, 
in cytokinesis, and in HIV budding. Now, 
Jimenez et al. (p. 986, published online 30 
January) propose a role for ESCRT proteins in 
wound repair at the plasma membrane. In vivo 
imaging, modeling, and electron microscopy 
were used to reveal how the ESCRTs participate 


in a rapid energy-independent, calcium- 
dependent, membrane-shedding process at the 
plasma membrane that reseals small wounds 
caused by toxins or laser treatment. 


Metabolic Heterogeneity 


We commonly think of genetic or epigenetic 
sources of variation in cells and individuals. 
However, biochemical regulatory pathways 

can potentially also exist in multiple stable 
states and confer variable phenotypes on cells 
in a population. Van Heerden et al. (p. 987, 
published online 16 January) demonstrate such 
a phenomenon in yeast cells. Two distinct types 
of cell were observed that differed in the state 
of glycolysis, the central pathway in 
energy metabolism for these cells. 
This allowed some members of a 
population of cells to survive changes 
in glucose concentrations, whereas 
most cells did not. 


Repeat Silencing 


Fragile X syndrome, a genetic 
cause of many cases of autism and 
mental retardation, involves expansion of a 
trinucleotide repeat in the fragile X mental 
retardation 1 (FMR1) gene. Working with human 
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embryonic stem cells, Colak et al. (p. 1002) 
found that the expanded repeat region was 
transcribed into the untranslated region of FMR1 
messenger RNA, which then bound to the DNA 
repeat region in the FMR1 gene, inactivating the 
gene. The findings explain how the trinucleotide 
repeat expansion causes RNA-directed gene 
silencing during development in fragile X 
syndrome. 


A Different Route 


The plant hormone auxin regulates a variety 
of developmental processes and responses to 
environmental inputs, often via changes in gene 
transcription. Xu et al. (p. 1025) analyzed a 


signaling pathway involving ABP1 (auxin-binding 
protein 1) that affects the cytoskeleton and 
endocytosis in Arabidopsis without changing 

gene transcription. Instead, ABP1 functions at 

the cell surface to bind auxin and a family of 
membrane kinases, thereby activating intracellular 
guanosine triphosphatases to initiate important 
developmental changes in cell shape. 
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Festival Lessons 


FOR A UNIVERSITY THAT IS OVER 800 YEARS OLD, 20TH ANNIVERSARIES ARE RATHER MODEST. YET 
in March, the University of Cambridge will reflect on 20 years of organizing the Cambridge 
Science Festival in the United Kingdom. During this year’s event, topics ranging from string 
theory to sustainability will be examined through talks, demonstrations, debates, theatre, 
music, exhibitions, and more. Hundreds of researchers and students will participate, and 
around 30,000 people are expected to attend. Over the past two decades, the festival has 
imparted many general lessons about how to successfully make science “public” and why 
this endeavor is important not only for the audience but for the research enterprise itself. 

In 1994, the idea of a festival to communicate science to the public was still in its infancy 
in the United Kingdom. The modern concept of such a program had come about only a few 
years earlier in Edinburgh, with the idea that science could be packaged in a format from 
the arts. The first Cambridge Science Festival was attended by several hundred people, with 
a less ambitious scope and more dependence on straightforward public lectures. Since then, 
there has been growing recognition of the benefits of public engagement for researchers, 
and finding effective ways to showcase science and technology is 
now a priority. Research funders and universities in many nations are 
increasingly embedding requirements for public engagement within 
their funding programs and career advancement schemes, acknowl- 
edging the importance of making visible the processes of and outputs 
from research. The creative scaffold of most science festivals reflects 
this push to engage. 

Today, there are several hundred festivals every year that enable 
millions of people worldwide to interact with those working in 
science. As part of the many science-in-society activities now tak- 
ing place, festivals aim to nurture scientific literacy among attend- 
ees of all ages, to enthuse them with the wonder and excitement that 
scientists feel, and to help students and researchers appreciate how 
public engagement can help them view their own work in both inter- 
disciplinary and social contexts. The core content of the Cambridge 
Festival is science and technology, but perspectives are drawn in from other fields too, and 
the presentation is influenced by the world of the arts. This weaving together of science and 
culture to communicate the relevance of science to everyday life seems to lie behind the 
growing international popularity of such festivals. 

The Cambridge Festival has the advantage of pulling perspectives from the university’s 
own researchers in social sciences, arts, and humanities together with those in the sciences 
and technology. The involvement of a university can also help to attract the participation of 
many partners beyond its own campus. In turn, a festival can make a university’s research 
world less mysterious. The Cambridge Festival enables attendees to come into intimate con- 
tact with the people and setting of science at the University of Cambridge and to become part 
of discussions that have personal and global dimensions—from climate change and health to 
technologies that are part of their everyday lives. 

Our experience has been that participants in science festivals are as diverse as the efforts 
that go into reaching out to them. Certainly, online dissemination is providing the University 
of Cambridge and the Festival with opportunities to reach an even wider audience. But 
successful outreach requires nurturing relationships with local communities, not only to 
support a yearly festival but also to maintain year-round public engagement activities. As 
such, science festivals such as the one in Cambridge have become central to many networks 
for informal science learning in the United Kingdom; this is perhaps the greatest lesson 
learned from organizing the Cambridge Festival. An honest dialogue between science and 
society comes through real experiences of engagement, and more than just once a year. 

— Leszek Borysiewicz and Nicola Buckley 
10.1126/science.1252251 
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Diversity Down Below 


Despite a surge of research efforts in recent years, the challenges faced by soil biologists 
remain daunting. Knowledge of even the basic elements of the biodiversity that is so vis- 
ible above ground—in particular, species diversity and distribution—remains far more 
rudimentary where life below the soil surface is concerned. Soil fungi are a case in point. 
A key component of the soil ecosystem, its global species diversity, has tended to be 
estimated by various proxies. From a study of the fungi of boreal forest soils in Alaska, 


Taylor et al. suggest that previous estimates of fungal diversity, which hitherto hovered 
between 0.5 and 1.5 million, might need to be revised upward. Fungal DNA sequence 
data from their samples yielded just over 1000 discrete fungal taxa—many more than 
had been estimated from nonmolecular data. Within the soil, the fungal species com- 
munities were found to be highly structured and correlated with abiotic variables such 
as pH and soil horizon, and with the species composition of the understory plant com- 
munity. The revealed fungus:plant ratio of 17:1, if reflected globally, would extrapolate 
to at least 6 million fungal species, suggesting in turn that 98% of fungi have yet to 
be described—a figure that remains to be corroborated by similarly detailed sampling 
across a range of other soil ecosystems. — AMS 

Ecol. Monogr. 84, 3 (2014). 


Amplifying Immunity the host against co-infection. — KLM 
Antigen-specific T cells are important for the 
control and clearance of many types of infec- 
tion. T cells that do not recognize the specific 


by a rapidly dividing pathogen and/or to protect 


Immunity 10.1016/j.immuni.2013.12.013 (2014). 


pathogen, however, often participate in getting 
rid of infections, but the specific mechanisms 
that regulate the activation of these so-called 
“bystander” T cells are less well understood. 
O'Donnell ef al. used mice infected with Sal- 
monella to better understand this phenomenon 
and found that detection of microbe-associated 
molecular patterns by Toll-like receptor 4 and 
components of the inflammasome in a T cell 
extrinsic pathway led to the production of sev- 
eral cytokines, including interleukin 18 (IL-18). 
IL-18 in turn acted on bystander CD4* T cells 

to amplify their antibacterial responses. In fact, 
mice in which the bystander activation of CD4* T 
cells was inhibited were impaired in their ability 
to control Salmonella infection. Although not 
formally demonstrated, this may be a way for 
the immune system to avoid being overwhelmed 


Counteracting Muscle Aging 


Muscles tend to get weaker with age and also 
lose regenerative capacity. Studying young 
and old mice, Cosgrove et al. demonstrate that 
impaired muscle stem cell function is at least 
in part to blame. In aged mice, about two- 
thirds of the muscle stem cells were on their 
way to differentiation or senescence and thus 


were individually less effective at regenerat- 
ing muscle fibers. However, even in the aged 
mice, a subset of muscle stem cells existed that 
showed youthful, enthusiastic muscle regenera- 
tion. Analysis of the differences between the 
two stem cell populations pointed to differences 
in the p38 mitogen-activated protein kinase 
(MAPK) pathway. Muscle stem cell popula- 
tions from aged mice that were cultured on 
soft substrates and treated with a p38 MAPK 
inhibitor proliferated to produce more of the 
robust-regeneration stem cells, even though the 
source was aged mice. When transplanted into 
the muscles of aged mice, stem cells derived 
from this in vitro treatment engrafted enthusi- 
astically, contributed to repair of muscle fibers, 
and restored muscle strength measurements to 
youthful levels. — PJH 

Nat. Med. 10.1038/nm.3464 (2014). 


Teaching by Retraction 


As funding for research grants becomes more 
competitive, the pressure to publish in top 
journals increases and may lead to an increase 
in ethical lapses. One way to overcome this may 
be through better education, but how best to 
teach it? Burnett et al. address this issue using 
research articles that have been retracted to 
highlight the types of ethical problems that can 
ultimately hinder scientific progress. Students in 
upper-level biology and chemistry courses were 
required to read a retracted research paper and 
the official retraction notice. Students then pre- 
sented the ethical issues raised in the retraction 
and explained how these problems could have 
been avoided. This often led to class discussions, 
as the cause for retraction was not always clear. 
Instructors were able to take advantage of this 
process to teach about the scientific process and 
the importance of peer review, with students 
being able to see direct examples of how retrac- 
tions alter scientific progress. Hopefully, by 
raising their awareness of ethical lapses that can 
derail research, the students can gain an ap- 
preciation for scientific ethics that they can carry 
with them throughout their careers. — MM 

J. Coll. Sci. Teach. 43, 24 (2014). 
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APPLIED PHYSICS 
A Nanomechanical Phase Shifter 


Information can be encoded in optical signals 
with a variety of parameters, usually wavelength, 
polarization, or phase. However, as signals 
propagate down optic fibers or around opti- 

cal circuits, they can disperse; that is, they can 
acquire a phase shift that can then compromise 
the integrity of the encoded information. In other 
circumstances, one might want to control the 
phase of a signal to do a sort of analog com- 
puting by interfering the signal with reference 
signal and then monitoring the output as the 
subsequent changes in interference fringes. In 
each case, the ability to reliably control the phase 


is crucial. Poot and Tang describe a broadband 
phase shifter based on a nanoelectromechanical 
controlled waveguide composed of two parts. By 
electrically switching one side of the waveguide 
and varying the separation, they change the ef- 
fective refractive index of the waveguide and can 
induce a controlled phase shift in the propagat- 
ing light signal. Such a nanoelectromechanical 
approach should prove useful as optoelectronics 
shrink and move from bulk-optical to low-power 
on-chip components. — ISO 


Appl. Phys. Lett. 104, 61101 (2014). 


ENGINEERING 
Safe, Selective, & Specific siRNA 


RNA interference (RNAi) via small interfering (si) 
RNAs offers potential as a therapeutic tool for 
the specific knockdown of disease-associated 
genes. One limiting factor in the use of siRNAs 
as drugs involves delivering highly charged RNA 
molecules across cell membranes and into cells 
of the tissue of interest. Dong et al. used natural 
lipoprotein particles—which consist 


Il 
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of apolipoprotein, phospholipid, cholesterol, 
and triglyceride and which have affinity for 
the liver—as a model for the design of an 
siRNA delivery system directed to the liver. They 
constructed lipopeptide nanoparticles (LPNs) by 
linking epoxide or aldehyde-derived lipid tails to 
amino acids or short peptides. Formulated with 
cholesterol, phospholipids, polyethylene 
glycol-lipid, and siRNA, the LPNs formed 
~70-nm spheres, suspensions of which could 
be administered by injection. Lysine-based lipo- 
peptides with tail lengths of 12 to 14 carbons 
proved highly effective at gene silencing specifi- 
cally in liver hepatocytes. Furthermore, LPNs 
showed low toxicity and high gene-silencing 
activity in mice and cynomolgus monkeys. Apo- 
lipoprotein E facilitated both cell 
uptake and the escape of specific 
chemical classes of LPN-com- 
plexed siRNAs from endosomes 
into the cytoplasm. — GR 

Proc. Natl. Acad. Sci. U.S.A. 10.1073/ 

pnas.1322937111 (2014). 


ASTROPHYSICS 
Speedy Side-Kick 


It is accepted that pulsars moving 
at high velocities through their 
surroundings received a kick at 
their birth from a core-collapse su- 
pernova, but details of this process 
remain under study. The presence 
of jets had been observed for 
rotation-powered pulsars either 
moving subsonically or still embedded in their 
supernova remnant, but not for pulsars moving 
at supersonic speeds. Pavan et al. report on radio 
and x-ray observations of the supersonic pulsar 
IGR J11014-6103, in which they detect its wind 
nebula and a jet, whose nature is supported by 
a counterjet in the opposite direction. Pulsar 
jets are usually difficult to observe because the 
pulsar spin axis is typically aligned with the 
direction of motion, so that the jet is disrupted, 
or hidden by shocked material in the wind 
nebula. However, this pulsar is unusual in that 
its direction of motion, and thus its probable 
kick direction from the supernova explosion, 
lies nearly perpendicular to the observed jet. 
The authors identify the corkscrew-shaped jet 
as originating with the pulsar and as consistent 
with modulation by a precessing spin axis. These 
findings suggest that such jets may be common, 
and the evidence of an apparently misaligned 
velocity kick will enable improvements to the 
core-collapse supernova model. — MMM 
Astron. Astrophys. 562, 10.1051/0004- 
6361/201322588 (2014). 
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Beijing 1 
Crackdown on Southern Chinese 
Research Graft Widens 


A corruption probe in one of China’s wealth- 
iest provinces has so far snared more than 

50 scientists and research administrators. 

On 14 February, a government website for 
Guangdong province revealed that the pro- 


Scrutinized. Guangzhou, capital 
of Guangdong province. 


vincial science bureau’s former deputy direc- 
tor, Wang Kewei, was under investigation for 
violating antigraft regulations. The bureau’s 
director, Li Xinghua, was removed from his 
post and stripped of Communist Party mem- 
bership last month. And 21 employees of the 
science department of Foshan city were also 
charged in December with skimming money 
from government R&D subsidies intended 
for local companies. 

Guangdong spent nearly $4 billion on 
science and technology in 2012—a dis- 
proportionately large share of the roughly 
$36 billion in provincial government spend- 
ing overall. “I think the current national 
leadership is very serious about corruption,” 
says Cao Cong, an expert on Chinese science 
policy at the University of Nottingham in the 
United Kingdom. “They really want to crack 
down.” http://scim.ag/_graft 


Washington, D.C. 2 


New Website Tracks Forests 
In Near-Real Time 


Scientists, policymakers, and the pub- 
lic have a powerful new tool to study and 
monitor forests online. Global Forest Watch, 
launched last week by the World Resources 
Institute, allows users to access deforestation 
alerts updated monthly, locate cur- 
rent fires, and track forest loss or 
growth anywhere in the world. 
Underpinning the interactive 
website are two powerful new data 
sets based on satellite imaging. The 
first, with a geographical resolution 
of 500 meters, has already helped 
chimp conservationists confirm 
deforestation events as they occur. 
The second, highlighted in a paper 
last fall (Science, 15 November 
2013, p. 850), offers an annual snap- 
shot of global forests at 30-meter 
resolution. “In itself, more transparency 
doesn’t lead to stopping deforestation,” says 
Steve Schwartzman, of the Environmental 
Defense Fund in Washington, D.C., “but this 
is a terrific step.” http://scim.ag/_forest 


Paris 3 


Europe to Launch Hunt 
For Earth-Like Planets 


The European Space Agency last week 
added a new mission to its “Cosmic Vision 
2015-2025” program: a search for habitable 
planets outside our solar system. Of about 
1000 known exoplanets, only a few dozen 
are rocky, as opposed to gaseous, and none 
of these have conditions that would allow 
liquid water on their surfaces. The PLAn- 
etary Transits and Oscillations of stars 
(PLATO) mission, to launch in 2024, will 


try to find more planets that occupy the so- 
called habitable zone around sunlike stars 
by measuring the dimming of the light from 
a star as a planet passes in front of it. 

Other space-based observatories have 
used this technique to search for exo- 
planets, but to do so have had to moni- 
tor very faint stars. That makes it hard to 
determine an exoplanet’s mass, and thereby 
decide if it is rocky or gaseous. PLATO will 
use 34 small telescopes to widen its field of 
view and monitor large numbers of bright, 
relatively nearby stars for up to 3 years at a 
time. http://scim.ag/_plato 


NEWSMAKERS 
Three O's 


Last week, one of two 
research physicists in 
the U.S. House of Rep- 
resentatives announced 
he won’t run for 
reelection this fall. Rep- 
resentative Rush Holt 
(D-NJ), 65, isn’t saying what he’ll do next. 
But his passion for science-based policies 
still burns brightly. 


Q: How has the level of scientific discourse 
changed since you first came to Congress 
in 1999? 

R.H.: It has not gotten better, let’s put it 
that way. There are still people who read 
popular science articles, and most mem- 
bers of Congress say they value science 
and respect scientists. But I don’t see more 
scientific thinking—evidence-based, criti- 
cal thinking. 


Q: Why would a scientist want to run 

for Congress? 

R.H.: We need all kinds, especially people 
who can analyze problems and not be bam- 
boozled by technical talk. And scientists 
bring a skill set that can be useful. 


Q: What would it take to regain bipartisan 
support for science-related legislation? 
R.H.: It will take more people who have an 
allegiance to evidence. And what I’m say- 
ing is that many [current members] do not. 
That’s what would have to change. 
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Random Sample 


Science by the Eyeful 


The digital age may offer new ways to make data more eye-catching, but the effort 
to turn scientific research into a visual story is centuries old. The British Library in 
London is honoring that effort in a new exhibit called Beautiful Science: Picturing 
Data, Inspiring Insight. The exhibit 
draws on the library's collections to 
showcase artful displays of science 
through the ages, focusing on the 
themes of weather, evolution, and 
public health. 
The oldest piece on view is a 
1617 illustration of the ancient 
Greek classifications of life forms, 
the Great Chain of Being (left), 
in which the goddess of wisdom 
stands atop a hierarchy of ani- 
mals, plants, and minerals. The 
newest work, Martin Krzywinski’s 
Circles of Life (right), relies on 
DNA sequencing data to illustrate 
our relationship to other species using colorful links between the top and bottom 
halves of the circles—each representing genes arrayed on a chromosome. The 
exhibit opened last week and will run through 26 May. 


North Carolina. Then, 
in a seminal Science 


Revered Primatologist Dies FINDINGS 
Primatologist and conservationist Alison 
Jolly, who suggested that social behavior 
drove the evolution of intelligence, died on 

6 February in England at age 76. 
American-born Jolly, who studied the 
lemurs of Madagascar, was the first to report 
in the 1960s that females are dominant in 
some primates. This discovery “upended 
virtually all standing hypotheses about pri- 
mate social behavior ... and didn’t go down 
easily at the time,” says Anne Yoder, direc- 
tor of the Duke Lemur Center in Durham, 


in her voice. 


_——————————————| 


paper (Science, 29 July 1966, p. 501), 
Jolly proposed that complex social 
interactions, rather than the need for 
sophisticated tools, drove the evolu- 
tion of primate intelligence. This is 
now a leading theory. “[H]er insights 
transformed our understanding,” 
wrote anthropologist Alison Richard 
of Yale University in an obituary. Jolly 
“never described herself as a femi- 
nist,” Richard wrote, but “lived a life 
that led and supported feminism.” 


Pooch Brains Attuned to Voices 


Dog owners can attest to the uncanny 
canine ability to read a person’s tone of 
voice. New research reveals a surprising 
mechanism behind this skill: Dog brains 
have a dedicated “voice area.” In humans, 
this area is activated when we hear others 
speak, helping us recognize a speaker’s 
identity and pick up on emotional content 


To find out if the canine brain processes 
sound similarly, a team of neuroscien- 
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including whines, 
playful barks, and 
laughs. The group 
also scanned the 
brains of 22 human 
subjects who lis- 
tened to the same 
sounds. 

The research- 
ers found similari- 
ties in how dog and 
human brains pro- 
cess emotionally 
laden sounds, they 
reported last week 
in Current Biology. 
Voice areas were 
once thought to be 
unique to primates 


www.sciencemag.org SCIENCE VOL343 28 FEBRUARY 2014 


Published by AAAS 


CIRCLES ©. 
OF LIFE 


tists trained 11 dogs to lie motionless in 
a functional magnetic resonance imaging 
scanner while wearing headphones that 
played nearly 200 dog and human sounds, 
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Obedient. A dog fitted 
with headphones 
prepares for an MRI. 


and tied to the evolution of language, 
but their presence in dogs suggests they 
evolved at least 100 million years ago. 
http://scim.ag/dogvoice 
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SCIENCE AND POLITICS 


Science Misused to Justify 
Ugandan Antigay Law 


On 24 February, Uganda’s president, 
Yoweri Museveni, signed a draconian Anti- 
Homosexuality Bill into law, after 2 months 
of declining to do so. Science, he says, 
changed his mind—in particular, the find- 
ings of a special scientific committee his 
Health Ministry had appointed earlier in the 
month. “Their unanimous conclusion was 
that homosexuality, contrary to my earlier 
thinking, was behavioural and not genetic,” 
Museveni wrote to President Barack Obama 
on 18 February, in response to Obama’s 
pleas that he not sign the bill. “It was learnt 
and could be unlearnt.” 

But some scientists on the committee are 
crying foul, saying that Museveni and his 
ruling party—Uganda’s National Resistance 
Movement (NRM)—misrepresented their 
findings. “They misquoted our report,” says 
Paul Bangirana, a clinical psychologist at 
Makerere University in Kampala. “The report 
does not state anywhere that homosexuality 
is not genetic, and we did not say that it could 
be unlearnt.” Two other committee members 
have now resigned to protest the use of their 
report to justify the harsh legislation, which 
mandates life imprisonment for “aggravated 
homosexuality,” such as sexual acts with 
a minor, and prison terms of 7 to 14 years 
for attempted and actual homosexual 
acts, respectively. 

The law was first introduced into 
Uganda’s Parliament in 2009, but withdrawn 
after widespread objections to provisions that 
could have included the death penalty. As he 
signed the new version, passed by Parliament 


last 20 December, Museveni claimed that 
“mercenaries” were recruiting young people 
into gay activities. 

The 11-member committee, including 
officials from the Ministry of Health, 
scientists at Makerere University, and other 
medical researchers, was charged with 
reviewing scientific evidence about the 
causes of homosexuality. The first draft of the 
report concluded that “there is no definitive 
gene responsible for homosexuality”; 
that homosexuality is not a disease nor 
abnormal; that being gay can be influenced 
by environmental factors such as culture and 
peer pressure; and that both homosexual and 
heterosexual behavior need “regulation” to 
“protect the vulnerable.” 

Dean Hamer, a geneticist emeritus at the 
National Institutes of Health who discovered 
the first evidence that homosexuality probably 
has some genetic basis (Science, 16 July 1993, 
p. 321), says “what’s fascinating about the 
Ugandan report is that it gets so much right 
about the science of sexual orientation.” The 
committee’s report even referred to a recent, 
genome-wide study confirming Hamer’s 
original findings. 

But things began to go wrong for the 
Ugandan scientists when they presented 
their findings to Museveni, Prime Minister 
Amama Mbabazi, and more than 200 NRM 
members of Parliament ata 14 February NRM 
meeting. Shortly afterward, NRM put out a 
press release, signed by NRM spokeswoman 
Evelyn Anite, summarizing the scientific 
committee’s findings and declaring that 


Setback. Protests and science failed to stop Ugan- 
da’s antigay law. 


Museveni would now sign the bill “since 
the question of whether one can be born a 
homosexual or not had been answered”— 
supposedly in the negative. Anite denies 
charges that the press release distorted the 
panel’s findings: “I did not change anything. 
What I put there is what the scientists said,” 
Anite told Science. (Anite also asked the 
reporter on this story if he was a “homo” 
when he sought further clarification.) 

Yet the press release combined and altered 
the committee’s findings that “Homosexuality 
is not a disease” and “Homosexuality is not 
an abnormality” to read that “Homosexuality 
is not a disease but merely an abnormal 
behavior which may be learned through 
experiences in life.” This change made 
several committee members see red. “We 
didn’t say homosexuality is an abnormality,” 
Bangirana says. Another member, who asked 
not to be identified, adds that “many people 
out there have ignorantly misinterpreted our 
position, taking it for an outright support for 
the bill.’ As a result, committee members 
Seggane Musisi, a psychiatrist at Makerere’s 
School of Medicine, and Eugene Kinyanda, 
a mental health researcher for Uganda’s 
Medical Research Council, tell Science that 
they have now resigned from the committee 
and dissociated themselves from the report. 
“History is replete with lessons from the 
mixing of science and politics,” Musisi says. 

The committee has now produced a final 
report, dated 23 February—the day before 
Museveni signed the legislation. It eliminates 
the language about regulating homosexuality 
because that “is easily abused or interpreted 
badly,” Bangirana says. The new report 
also goes into more detail about the relative 
roles of nature and nurture in producing 
homosexuality, concluding that both are 
involved, although nurture could play a 
bigger role. 

Some committee members say they were 
used to provide cover for a fait accompli. 
“Regardless of what our report would say, 
this bill was going to be signed,” Bangirana 
says. J. Michael Bailey, a psychologist at 
Northwestern University in Evanston, Illinois, 
who led the recent replication of Hamer’s 
original study, adds that no matter what the 
science says, it cannot be used to justify 
punishing gays: “There should be no link 
between how homosexual people are treated 
and what causes homosexuality.” 

—MICHAEL BALTER 
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New Review Slams Fusion Project's Management 


ITER, the international fusion reactor proj- 
ect in France, is reeling from an assessment 
that found serious problems with the proj- 
ect’s leadership, management, and gover- 
nance. The report is so damning, Science has 
learned, that after a 13 February special ses- 
sion that reviewed and accepted the report’s 
conclusions and recommendations, the ITER 
Council—the project’s governing body— 
restricted its readership to a small number of 
senior managers and council members. “We 
feared that if [the assessment] leaked to peo- 
ple who don’t know about the ITER agree- 
ment, the project could be interpreted as a 
major failure, which is not what the manage- 
ment assessor intended,” says nuclear engi- 
neer Bob Iotti of the consulting firm CH2M 
HILL, who chairs that council. 

Backed by China, the European Union, 
India, Japan, Russia, South Korea, and the 
United States, ITER aims to build a testbed 
for fusion energy. Under construction at 
Cadarache in southern France, it is often 
described as the most complex machine 
ever built. In its cavernous doughnut-shaped 
vacuum vessel, the reactor will heat heavy 
hydrogen to 150 million °C so that the nuclei 
will fuse to form helium, releasing energy. 

Since the project began in earnest in 2006, 
the expected completion date has slipped 
from 2016 to 2018 to 2020, the estimated cost 
has tripled to at least €16 billion, and there’s 
been a major change of leadership. “ITER 
had to create a project, a design, a laboratory, 
and an institutional culture. That’s very many 
things to create at once,” says Steve Cowley, 
head of the Culham Centre for Fusion Energy 
in the United Kingdom. 

The ITER agreement requires man- 
agement assessments every 2 years. The 
previous two were critical, but nothing like 
the latest, conducted by Bill Madia, former 
director of the Pacific Northwest and Oak 
Ridge national laboratories. “It didn’t mince 
words,” Iotti says. “It could be read as an 
indictment of the current director general 
[Osamu Motojima], but one should also look 
at the obstacles in his path. Some are not 
under his control.” 

Because all the partners want to gain 
experience from building ITER for what 
could be a lucrative future industry, the 
ITER agreement carves up the construction 
of reactor components among partners, each 
of which has created a “domestic agency” 
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to handle the contracts. The result is far 
from efficient: Superconducting cable for 
the reactor’s magnets is manufactured in 
six different nations and the 5000-tonne 
vacuum vessel is being built partly in Korea 
and partly in Europe. 

ITER management acts as ringmaster, 
overseeing the reactor design, enforcing 
technical standards, and resolving conflicts. 
“The ITER Organization and the seven 
domestic agencies should work as a single 
project team,” says Jean Jacquinot, scientific 
adviser to the head of France’s Atomic 
Energy Commission. “But that’s not really 
the case. Communication is not ideal.” 

The relationship is often acrimonious 
and when conflicts arise, domestic 
agencies sometimes go behind the central 
management’s back and put pressure on 


day-to-day management team is inflexible 
and top-heavy, in part because the 
nationalities of senior management and the 
staff as a whole must reflect the division of 
funding. “Inefficiencies were built in with 
the full consent of the parties,” Iotti says. The 
number of managers should be reduced, the 
report says, identifying one whole level that, 
if removed entirely, would improve efficiency 
and decision-making. 

Iotti says that in response to the 
assessment, Motojima and ITER’s senior 
management have proposed organizational 
changes that the council has “temporarily 
endorsed” because it “is not convinced that 
it is the ultimate answer.” The council has 
asked for more information and justification 
for the changes. “ITER is still a young 
organization and it takes a very long time for 


g dis- 


putes over the design. Construction did not begin again for 8 months. 


it via their delegates to the ITER Council. 
Iotti believes this antagonism is “one of the 
biggest problems.” The assessment found 
that voting on the council is often swayed by 
political considerations and that it acts only 
on unanimous decisions, which has had a 
devastating effect on the project’s cost and 
schedule. Iotti, who took over the council 
chair at the start of the year, accepts the 
criticism. ““We need to simplify our activities. 
... Then we can focus on the controversial 
issues,” he says. 

The assessment also found that ITER’s 
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different cultures to work as a single team,” 
Jacquinot says. 

Perhaps most controversially, a source 
tells Science, the assessment calls for the 
council to “accelerate the transition to a 
new director general.” Brought in as part of 
a 2010 management reboot, Motojima ends 
his 5-year term in June 2015. Motojima, 
who declined comment, insists on consensus 
in decision-making and has surrounded 
himself with a coterie of staff, all Japanese, 
who meet with him daily outside the normal 
management structure, according to people 
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who have worked closely with ITER officials. 

ITER’s schedule continues to slip, which 
will push up costs. ITER has said its reactor 
will power up for the first time before the end 
of 2020, but that date is widely discounted. 
“We don’t have a realistic, believable, 
very high quality schedule,” [otti says. 
The council is now planning to announce 


SOCIAL SCIENCE 


an updated schedule at its meeting in June 
2015. “We need to be sure,” Iotti says. “Once 
we have a schedule, then we can talk about 
cost.” ITER leaders fear that further delays, 
combined with the damning assessment, 
could cause backers to pull their funding; 
the United States has threatened doing so 
more than once. 


Despite the problems, Iotti is optimistic. 
“The project is making progress; things are 
being built,” he says. This summer, the first 
items of hardware will start arriving on site. 
“When stuff comes together, you will see a 
completely different attitude ... [but] there 
are still going to be difficult times ahead.” 

—-DANIEL CLERY 


Twitter Offers Entire Data Pool, but Some Wary of Diving In 


Earlier this month, the social media company 
Twitter offered academic researchers a chance 
to play with a vast treasure trove of data—all 
500 million of the 140-character “tweets” 
its 200 million users generate daily, as well 
as all tweets on record going back to Twit- 
ter’s creation in 2006. Many scientists, eager 
to study social dynamics on a massive scale, 
are scrambling to apply by the company’s 
15 March deadline. But some, scrutinizing the 


Massachusetts, used the API to harvest 
604,000 tweets from people in New York City. 
Users of Twitter’s mobile app have the option 
to reveal their location when they tweet, and 
about 3% do so. By analyzing the sentiment 
in those geolocated tweets, the team mapped 
out the city’s emotional landscape in time and 
space in exquisite detail. Conclusion: New 
Yorkers love parks and hate transportation. 
When he learned last week that Twitter 
was granting researchers access to 
the full “firehose” of its data, Bar- 
Yam was thrilled. “Twitter data is 
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Social unrest. Social scientists can analyze tweets during protests, 
such as these 7458 from Kiev region over 2 days in mid-February. 


fine print of the application, worry about legal 
strings that seem to grant Twitter ownership 
of their research ideas. “This would be a non- 
starter for us,” says systems scientist Yaneer 
Bar-Yam, who is among those reluctant to 
apply for Twitter’s full data set. 

Twitter has for several years provided 
free access to 1% of tweets through an 
online application programming interface 
(API). For many research projects, that’s 
enough. Last year, for example, a team led 
by Bar-Yam, president of the New England 
Complex Systems Institute in Cambridge, 


an incredible resource,” he says. 
“We want to use it to understand 
society, and also to help solve 
problems ranging from violence 
to pandemics.” 

But the 1% of tweet data 
now available through Twitter’s 
free API is too limited for some 
research projects, says Nick 
Obradovich, a political science 
Ph.D. student at the University 
of California, San Diego. 
Obradovich wants to compare 
Hnidyn © sentiments about climate change 

* in U.S. geolocated tweets with 
local temperatures; according to 
one theory, unusually hot days 
make people more open to the 
idea that the scientific consensus 
about climate change is correct. 
Given that only a small proportion 
of tweets are geolocated, and an even smaller 
portion pertain to climate change, he needs a 
deep dive into Twitter’s data. 

The contract that researchers must sign 
to apply for the program, however, includes 
language that some find troubling. Simply by 
applying, it states, “you are granting Twitter 
an unconditional, irrevocable, non-exclusive, 
royalty-free, fully paid-up, fully transferable, 
perpetual and worldwide license to evaluate, 
use, copy, perform, display, publish, transmit, 
or create derivative works ... [and] hereby 
waive all copyright, trademark, trade secret, 
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patent and other intellectual property right 
claims you may have against Twitter” related 
to that content. 

Some researchers interpret that as handing 
ownership of their ideas to Twitter, even if their 
applications are turned down. In principle, 
Twitter could then publish those ideas, sell 
them to third parties, or develop technologies 
based on them without compensating or 
even crediting the researchers. “These types 
of data are useful for my research, but I am 
not applying because of concerns about 
the Ownership & License section of the 
agreement,” says Sarita Yardi Schoenebeck, 
an information scientist at the University of 
Michigan, Ann Arbor. “It does indeed read 
like they want to own the ideas,” Obradovich 
agrees, “and any potential derivative ideas 
they choose to pursue, which is somewhat 
troubling.” But he plans to apply nevertheless. 

A Twitter representative did little to clarify 
the situation for researchers, writing briefly 
in an e-mail to Science: “Just as users own 
their Tweets, researchers own their ideas. This 
program is no different: the license pertains to 
our ability to further explore the contributions 
of the research community and advance our 
offerings to the community as a whole.” 

The confusion over Twitter’s legalese 
is part of a wider debate about intellectual 
property (IP) and academic research, Bar- 
Yam says. “The question here is not whether 
there is IP but who gains the rights.” If 
another company owns your ideas, it’s nearly 
impossible to get commercial funding, he 
says. “The whole purpose of IP is to allow 
people with ideas to build on them. ... 
Without IP protections, investors don’t give 
resources to develop those ideas.” 

Still unclear are Twitter’s terms for actual 
access to its full data trove—the debate 
so far has been over just the application 
process. “Since applying is the first step, the 
submission agreement is the only available 
agreement at the moment,” the company § 
representative notes. 

-JOHN BOHANNON 
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E.U. Privacy Protection Bill Would 
Hamper Research, Scientists Warn 


BRUSSELS—Neuroscientist Richard 
Frackowiak co-directs the Human Brain 
Project, a giant research endeavor that will 
get €1 billion from the European Union in 
the next 10 years. One part of the project tries 
to link up hospital archives across Europe 
to mine data from hundreds of thousands of 
patients. The goal is to define diseases by bio- 
logical and clinical patterns, 
and ultimately to build com- 
puter models of diseased 
brains and predict the effects 
of treatment. 

But Frackowiak, who 
also serves as chair of the 
medical sciences committee 
of Science Europe, an 
association of research 
funders, is worried that 
such studies may become 
unworkable if the European 
Union approves a new bill 
aimed at better protecting 
citizens’ privacy and har- 
5 monizing the current patchwork of data 
° protection rules across the continent. 
As it stands, scientists say, the bill could 
make it much harder—and in some cases 
impossible—to use this kind of data without 
patients’ specific consent, as the Human 
Brain Project does. 

The Wellcome Trust, a major health 
research charity in the United Kingdom, is 
leading a campaign urging members of the 
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European Parliament, which is set to vote 
on the bill next month, to change it. More 
than 40 European organizations involved in 
research have joined. They’re also targeting 
national governments, which will negotiate 
the plan later this year. “The European 
Union is at risk of getting this dangerously 
wrong,” the leaders of Science Europe, the 


“Member States law may provide for exceptions to the 
requirement of consent for research ... that serves a 


The data in question shall be 
anonymised, or if that is not possible for the research 


purposes, pseudonymised under the highest technical 
standards. ...” 


Max Planck Society, the Institut Pasteur, and 
others said in an open letter in The Times last 
month. 

Data protection is a hot topic across 
Europe, where Edward Snowden’s 
revelations about U.S. snooping have caused 
widespread indignation. Just last week, the 
U.K. National Health Service announced it 
will delay the creation of a national database 
of medical records for 6 months to address 


Published by AAAS 


NEWS&ANALYSIS fle 


Off limits? Proposed E.U. rules would make it more 
difficult to use medical records for research. 


patients’ privacy concerns and build public 
confidence in the system, which supporters 
say will be a boon for medical research. 

The European Commission unveiled 
its data protection proposal, which covers 
everything from online shopping to 
e-banking services, in 2012. It replaces 
a directive from 1995, a time when the 
Internet had just arrived. Most scientists 
said they could live with the commission’s 
draft proposal, which defined conditions 
under which health researchers can use 
patients’ data without their specific, explicit 
consent. The proposal acknowledged that 
consent is sometimes difficult to obtain. 
For instance, one U.K. study into the risk of 
leukemia for children living close to power 
lines used cancer registry data from 33,000 
patients; seeking individual consent from 
all of the kids’ families would have been 
impractical, scientists say. 

But in October 2013, the European 
Parliament’s civil liberties committee 
(LIBE) introduced several changes to narrow 
the exceptions. Research organizations are 
particularly upset about LIBE’s changes 
to Article 81 of the regulation, which now 
says that the obligation to get consent can 
be lifted only if the research serves a “high 
public interest” and “cannot possibly be 
carried out otherwise.” Even then, the data 
must be anonymized—that is, stripped of 
anything that could betray 
the patient’s identity— 
or, if that’s impossible 
for the study’s purpose, 
pseudonymized, so that 
patients’ names are stored 
securely but not visible to 
the researcher. 

Consumer groups argue 
that the changes strike a 
balance between legitimate 
privacy concerns and 
public health needs. But 
research advocates say the 
amendment “is setting a 
disproportionately high 
bar,’ as Beth Thompson, a policy adviser 
at the Wellcome Trust, puts it. Thompson 
argues that researchers sometimes need 
data, such as a postal code, age, or disease 
status, that could identify an individual. 
For instance, a 63-year-old woman from 
a small town suffering from a rare disease 
might be identifiable even if her name isn’t 
used. “At the moment, it’s possible in the 
U.K. to use that kind of identifiable data 
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without consent,’ Thompson says. “We’re 
not saying it should be easy, but it should 
be an option.” 

Researchers in some other countries are 
less concerned. France, for example, already 
has one of the strictest data protection 
legislations in Europe, says Charles Persoz, 
head of the public health unit at France’s 
national health research institute INSERM 
in Paris. Tougher E.U.-wide data rules would 
make procedures more burdensome, but 
would not restrict the work of researchers in 
France as much as they would in the United 
Kingdom, he says. 

But Persoz does worry that the bill’s 
failure to define a “high public interest” 
could end up imperiling research even in 
France. “The absence of definition could 
have dreadful consequences,” he warns. 
If, for instance, a register of gynecological 
cancers in a French region isn’t deemed to 
be of high public interest, tapping the data 
would become illegal because patients 
don’t give explicit consent to have their 
information entered. 

Jan Philipp Albrecht, a Green member 
of the European Parliament and the lead 
author of LIBE’s opinion on the bill, says 
researchers shouldn’t worry too much. The 
two criteria laid out in the amended Article 
81 are necessary and reasonable safeguards, 
he says, adding that public health research 
generally qualifies as a “high public interest” 
endeavor. (Some private research may not, 
he says.) But Albrecht says that researchers 
can still weigh into the debate and suggest 
better wording if they think it’s necessary. 

Patients generally support the use of 
medical data for health research, says Cicely 
Marston of the London School of Hygiene & 
Tropical Medicine, who studies patient views 
on the use of electronic health records in the 
United Kingdom. But unlike researchers, 
they may not be aware of all the safeguards 
currently in place, and they want to know 
how and for what their data are used. Better 
informed patients may be more willing to 
share their information, Marston says. 

In the end, there will always be some 
risk of privacy breaches, Frackowiak 
says—but he believes that risk is minor, 
and worth taking given the huge potential 
health benefits of population-based studies. 
European countries have developed a strong 
system of ethical panels to review every 
study, Frackowiak says, and in his experience 
most patients trust scientists with their data 
to advance medical knowledge. “There’s 
a big infrastructure in place, that thus far 
hasn’t created any scandal at all,” he says. 

-TANIA RABESANDRATANA 
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New Look at Ancient Mineral Could 
Scrap a Test for Early Oxygen 


Geologists trying to sniff out signs of oxy- 
gen in Earth’s early air have long struggled 
with a major obstacle: eons-old rocks that 
provide only a ragged, fragmentary record 
of the gas. Even so, some have for decades 
taken the presence of the mineral hematite 
in a so-called banded iron formation (BIF) 
in northwestern Australia as a sign that 
2.5 billion years ago, Earth’s atmosphere had 
at least a trace of oxygen. The ruddy min- 
eral was thought to record the moment when 
photosynthesis first pushed oxygen to levels 
high enough to fully oxidize iron. 

Now, a new study of that BIF, using the 
latest analytical techniques, suggests that this 
rock record has been misread. If true, oxygen 
actually may have appeared in the atmosphere 


after this sediment was deposited. 


hundreds of millions of years later than this 
BIF suggested. Geologists say the study raises 
serious questions about a supposedly reliable 
test. “People are recognizing that we have to 
be more careful,” says geochemist Timothy 
Lyons of the University of California, 
Riverside. “We need to increasingly focus on 
doing just what [these authors] did, a more 
careful characterization of samples.” 

In a paper in the Geological Society 
of America Bulletin published online on 
3 February, geologists Birger Rasmussen, 
Bryan Krapez, and Daniela Meier of Curtin 
University, Bentley, Australia, reanalyze the 
mineral makeup of the Dales Gorge BIF, 
an ancient ocean bottom now in western 
Australia. Their original intent was to 
explain how run-of-the-mill BIFs like Dales 
Gorge turn into the iron-rich ores so heavily 
mined worldwide. 

The team took 400 translucent slivers 
of Dales Gorge rock from four deep-drill 
cores and studied them with several kinds of 


Late oxygen. Thin layers of oxygen-rich hematite formed long 


modern optical microscopes, as well as with 
a scanning electron microscope equipped 
with an x-ray spectrometer for elemental 
analysis. That let the researchers see where 
each microscopic mineral in the rock formed 
and get a sense of the order of their creation. 
Knowing the conditions under which each 
mineral could form, the researchers could tell 
a tale about conditions in the ocean beneath 
which the BIF was first laid down—a time 
when oxygen gas may have been making its 
first, tentative appearance on Earth. 

Their more detailed look at the rocks 
focused on hematite, which consists of iron 
combined with as much oxygen as iron’s 
bonds can hold. Because the Dales Gorge 
BIF has plenty of oxygen-rich hematite, 
earlier researchers concluded that 
oxygen gas from the atmosphere 
must have already been dissolved 
in the ocean and in the underlying 
sediments 2.5 billion years ago, 
when the makings of this BIF first 
settled to the ocean bottom. 

But the Australian researchers 
see signs that the BIF’s hematite was 
a Johnny-come-lately. Other iron- 
rich minerals—ones that, unlike 
hematite, form in the absence of 
oxygen gas—were there in the 
original seafloor sediments, the 
group argues. But they conclude that this 
iron was probably not oxidized, producing 
the hematite, until about 300 million years 
later, after tectonic forces crumpled the sea 
floor into mountains and drove oxygen-laden 
water down into the rock. Given that western 
Australia hosts the archetypal examples of 
BIFs in that early time, Rasmussen says, the 
Dales Gorge formation “probably records 
fundamental processes that also affected 
other BIFs at some time in their history.” 

Others are not ready to go quite that far. 
BIF geologist Bruce Simonson of Oberlin 
College in Ohio praises the team’s “careful 
study and reasonable conclusions” but adds 
that “it would be premature to extrapolate 
their conclusions to all BIFs everywhere.” 
Even so, both he and Lyons see the new work 
as a warning shot. “Big stories [of oxygen’s 
history] have been told by small amounts of 
data,” Lyons says. Lately, “by being more 
careful, we’re seeing a more nuanced, more 
coherent picture.” -RICHARD A. KERR 
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Welcome to Beringia 


A flurry of studies suggests that instead of being simply a bridge from Asia to the Americas, 
Beringia may have beckoned the ancestors of the first Americans to linger 


ONE SUMMER DAY DURING THE HEIGHT OF 
the last ice age, a small herd of elk moved 
through a now-vanished region of lowland 
above the Arctic Circle, nosing about small 
woody shrubs like crowberry and Labrador 
tea. Far to the west lay glacier-capped moun- 
tains, and along the plains between, horses, 
mammoths, and caribou wandered through 
patches of wildflowers—violet asters, 
yellow tansies, red burnets. The large ani- 
mals and other game made good eating for 
roaming cave lions and cave hyena, as well as 
this landscape’s top predator, humans. 

This vision of a land dotted with elk, 
blooming with wildflowers, and sprinkled 
with shrubs for firewood is a far cry from 
traditional views of the ice age north. For 
decades, researchers considered Beringia— 
the now partly submerged landmass that 
once stretched from Siberia’s Verkhoyansk 
Mountains to northern Canada’s Mackenzie 
River (see map, p. 962)—as chiefly a high- 
way. It served as a “land bridge” that large 
mammals, as well as the ancestors of the first 
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Americans, hurried across on their way from 
Asia to a new continent. 

Now, a flurry of studies, including analy- 
ses of seafloor sediments and ancient DNA 
from plants and animals, are painting a sur- 
prising picture of this lost world. They sug- 
gest that Beringia, twice the size of Texas, 
could have been more welcoming than 
expected during the Last Glacial Maximum 
(LGM), a period of intensely cold tempera- 
tures from about 17,000 to 28,000 years ago. 
The research “really expands our knowledge 
of the ecology of Beringia,” says archaeolo- 
gist Michael Waters of Texas A&M Univer- 
sity, College Station. And it fits well with one 
idea about the peopling of the New World, 
namely that the ancestors of the first Ameri- 
cans holed up in Beringia for 10,000 years 
during the LGM before continuing into 
North America. 

The findings are far from conclusive, and 
direct evidence for a long-term human pres- 
ence in Beringia is scarce. But the results 
highlight an urgent need to get archaeological 
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The land time forgot. Even during an ice age, 
Beringia had few glaciers and greenery enough for 
large game. 


teams searching this now partly submerged 
and remote region, Waters says. “What I’d 
sure like to see is the archaeological Manhat- 
tan Project of Beringia,” he says. 


Big chill, big pause 
Ancient Beringia is lost to us in more ways 
than one. The mammoths, woolly rhinos, and 
most other megafauna have vanished, along 
with most of the glacial-era vegetation that 
sustained them. And the central Beringian 
lowlands were drowned some 10,500 years 
ago, when melting ice raised sea level by about 
120 meters. Areas that remain above water are 
often difficult to reach except by helicopter, so 
whole chunks of Beringia are terra incognita 
to archaeologists. 

Some of the most compelling hints of 
a human presence in Beringia have come 
from the genes of people living thousands 
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of miles away. Back in 2007, for example, 
researchers led by molecular anthropolo- 
gist Erika Tamm of the Estonian Biocentre 
in Tartu analyzed mitochondrial DNA from 
601 Native Americans and 3764 Asians 
from geographically diverse populations. 
The team identified three subclades—C 1b, 
Cle, and Cld—that were widely distrib- 
uted in Native American groups, but absent 
in Asians. This pattern, plus a chronology 
based on mutation rates, strongly suggested 
that the ancestors of the first Americans 
were isolated from their Asian kin some 
25,000 years ago, diversifying into the 
C subclades before they entered the Ameri- 
cas some 15,000 years ago. 

After analyzing how the genetic sig- 
nals are distributed geographically, Tamm 
and her colleagues concluded that the most 
likely place for this isolation was Beringia. 
If the ancestors of the Native Americans 
toughed it out there during the LGM, they 
would have been well positioned to swiftly 
people the New World when the cold period 
ended. Several other analyses of mitochon- 
drial and nuclear DNA have supported this 
“Beringian standstill” model. 

Archaeological evidence for this 
scenario remains scarce, but some clues 
come from the Yana RHS locality at 71°N 
latitude in Beringia’s far west in Siberia. 
This locality, the earliest known in Beringia 
at 32,000 years old, brimmed with carved 
ivory ornaments and bone tools such as sew- 
ing needles (Science, 2 January 2004, p. 52), 
suggesting a culture well adapted to life in 
the Arctic interior. Yana’s broad-based hunt- 
ers and foragers appear to have brought down 
diverse game including steppe bison, rein- 
deer, horses, polar foxes, and birds. 


Human occupation 
and isolation until about « 
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After Yana, the 
archaeological record in 

Beringia goes dark. The next 
site doesn’t pop up until 14,400 years ago, at 
Swan Point, Alaska. Like Yana’s occupants, 
the earliest Alaskans were broad-based 
hunter-gatherers, targeting everything from 
horses to hares. 

Given the spotty archaeological record, 
most archaeologists remained skeptical that 
people occupied northern Beringia through- 
out the brutally cold LGM. Most of the region 
escaped glaciation because of its largely arid 
climate, but winters averaged about 8°C 
colder than today. ““Beringia seemed the last 
place on Earth that you would put a large pop- 
ulation during one of the coldest periods in 
history,” says archaeologist John Hoffecker of 
the University of Colorado, Boulder. 


have supplied firewood and tools for humans. 


In search of new clues, a team led by 
molecular biologists Meirav Meiri of Tel Aviv 
University and Jan Barnes of the Natural His- 
tory Museum in London examined another 
Asian immigrant that passed through Berin- 
gia on its way to the New World: the elk, or 
wapiti (Cervus elaphus canadensis). Previ- 
ous studies had suggested that these temper- 
ate and boreal forest dwellers first appeared 


e Ancient sites 


Light my fire. Woody plants in Beringia’s shrub tundra may 


Standing still. One model suggests that people and 
game were isolated in Beringia for thousands of years 
before migrating to the Americas. 


in Alaska about 15,000 years ago, roughly the 
same time that humans seem to have arrived. 
Meiri and Barnes hypothesized that as tem- 
peratures rose, the elk swiftly barreled across 
Beringia and into the Americas. 

To test the idea, they collected 113 bone, 
antler, and teeth samples from ancient elk in 
museums and 74 specimens from modern elk 
across North America and Asia. After dat- 
ing and sequencing most of the samples, they 
found what Barnes calls an “astonishing” 
picture, very different from what they had 
expected, as reported in the 7 February issue 
of the Proceedings of the Royal Society B. 

The radiocarbon dates and locality data 
indicate that elk had pushed into northwest- 
ern Beringia by at least 50,000 years ago, 
but didn’t advance into North America until 
15,200 years ago. Barnes and colleagues 
were so surprised that they analyzed 
hydrogen and oxygen isotopes from 
the Siberian specimens to double- 
check the locality data supplied by 
the museums. (The water and food the 
elk ingested influenced the isotopes in 
their bones, and can be used to trace 
the latitude where the animals lived.) 
The results confirmed the samples’ 
Arctic origins. The researchers also 
used DNA data to estimate elk popu- 
lation size, which apparently declined 
during the LGM. But there was no 
sign that the population had been 
wiped out and later replaced. 

If the elk stood still in Beringia, perhaps 
humans did, too. The elk data suggest that 
humans could have been present in north- 
western Beringia “much earlier and longer 
than we thought,” Barnes says. Elk and 
humans may have migrated into the Americas 
together, he adds. Some of the oldest known 
artifacts in North America—13,000-year- 
old rods buried with Clovis tools and human 
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bones at the Anzick site in Mon- 
tana—are made from elk antler 
_/ (Science, 14 February, p. 716). 

(The rods are even older than the 
bones at the site, suggesting that the 
artifacts were heirlooms when buried.) 
The elk findings are “an elegant piece of 
research,” says archaeologist Greg Hare of 
the Yukon Government in Whitehorse, who 
was not a member of the team. Hare thinks 
both elk and humans could have survived in 
parts of Beringia during the LGM “as long 
as they had enough to eat.” 


Arctic refuge 

The humans could have eaten the elk and 
any other game. But what were elk and 
other large herbivores eating? Previous pol- 
len studies of Beringia’s vegetation revealed 
mostly grasses. But grasses make more pol- 
len than other types of plants do, so pollen 
studies may give a biased view. 

To get a more complete picture, an 
international team led by geneticist Eske 
Willerslev of the University of Copenhagen 
used a new technique: They extracted bulk 
DNA from 18 Beringian permafrost sites and 
used primers to fish out and sequence frag- 
ments of ancient DNA from plants. As they 
reported in Nature this month, their sam- 
ples spanned the past 50,000 years and came 
from Beringia and other parts of the Eurasian 
Arctic. To find out what the megafauna ate, 
the team also sequenced the gut contents and 
coprolites of woolly mammoths, woolly rhi- 
noceros, a horse, and a bison. 

The data held “a number of surprises,” 
Willerslev says. Broad-leafed herbaceous 
plants called forbs, including species of 
thyme, vetch, and anemone, dominated the 
samples, even during the LGM. More than 
60% of the DNA in the giant mammals’ guts 
and poop was from forbs, and these flowering 
plants may have helped the megafauna sur- 
vive. Forbs are rich in protein, and “promote 
easy digestion, so maybe the megafauna were 
[choosing] the forbs,” says Yukon govern- 
ment paleontologist Grant Zazula in White- 
horse, a member of the team. 

Willerslev’s samples came from areas of 
Beringia still on dry land. But pollen from 
what is now the sea floor suggests that dif- 
ferent vegetation may have cloaked the 
lowlands, which would have been slightly 
warmer and moister than other areas. Pollen 
from a sediment core drilled near the coast 
of the central Beringian lowland shows that 
some trees and shrubs—including spruce, 
birch, and alder—survived the LGM, as 
graduate student Rachel Westbrook of the 
University of Alaska, Fairbanks, and col- 
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leagues reported at a 2012 meeting of the 
Geological Society of America. Pollen, 
plant, and insect records from other seafloor 
cores suggest a similar picture. 

The now-drowned part of central Beringia 
was likely covered with shrub tundra—a form 
of tundra dominated by small woody plants 
and sprinkled with other vegetation includ- 
ing forbs—according to a Perspective by 
Hoffecker and colleagues on page 979 of this 
issue. Hoffecker adds that the woody shrubs, 
including dwarf birch, dwarf willow, and 
crowberry, could have been sources of valu- 
able firewood for Beringian hunter-gatherers, 
helping them survive the ice age cold. Archae- 
ological evidence shows that later indigenous 
peoples of both Alaska and Northeast Asia 
often fed their fires with fresh bone, which 
burns hot and fast, but they also added small 
quantities of wood. The wood makes the 
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Arctic toolkit. Humans made bone tools as 
early as 32,000 years ago at Yana RHS in Siberia. 
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Early adapters. Denizens of temperate and boreal forests today, elk survived ice age cold in Beringia. 


bone easier to ignite and the flames last lon- 
ger, as shown in experiments reported in 2001 
by archaeologist Isabelle Théry-Parisot of 
CNRS, the French national research agency. 

There’s no data on whether elk lived in 
the now-submerged Beringian lowlands, but 
Hoffecker suspects they might have, noting 
that wapiti are versatile grazers and brows- 
ers. With game to hunt and fuel for fires, 
“central Beringia could have been a magnet 
for people during that intense cold period,” 
he says. He, too, thinks Beringia is the most 
plausible location for the geneticists’ stand- 
still model. It “not only gives people the 
resources to survive, but it’s a place that 
was isolated from everywhere else during 
the Last Glacial Maximum,” he says. Pollen 
records show that the shrub tundra expanded 
eastward into Alaska and the Yukon after 
about 16,000 years ago. Both elk and people 
could have followed the shifting vegetation 
into the New World. 

Barnes sees a slightly different story in 
the elk data. Rather than central Beringia 
being a magnet that caused species to lin- 
ger, he thinks it was the site of some kind of 
ecological barrier that kept elk and possibly 
people in western Beringia—and out of the 
Americas—during the LGM. “It seems that 
the land bridge is closed for business before 
15,000 years ago, and that humans were 
affected as well,” he says. 

Finding out whether central Beringia was 
refuge or barrier and searching northeast- 
ern Siberia’s wilderness for traces of ice age 
Beringian hunters will require a multidisci- 
plinary approach. “Right now we have three 
stories that have been developing indepen- 
dently in the fields of archaeology, genetics, 
and paleoecology,” says Hoffecker, who’s 
organizing an interdisciplinary workshop on 
the Beringian standstill to be held in Colo- 
rado in the fall. “Now we have to bring the 
stories together.” —HEATHER PRINGLE 
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Can Down Syndrome Be Treated? 


People with Down syndrome are signing up for trials of several drugs aimed at helping their 
cognitive impairment, even as researchers explore more radical ideas to “cure” the genetic disorder 


Brian Skotko remembers clearly when he 
first became an advocate for people with 
Down syndrome. It was on the playground 
in grade school, listening to his classmates 
use the R-word. 

“Someone would just casually say, ‘I’m 
such a retard,’ or ‘You’re such a retard,’ ” he 
says. Even at that young age, Skotko found 
himself speaking up for his younger sister 
Kristin, who has the typical constellation of 
physical features and intellectual disability 
caused by having a third copy of chromosome 
21. “I got to see firsthand what it’s like to 
grow up with an extra chromosome,” he 
says. “I learned along the way that some 
of the struggles are not defined by your 
chromosomes, but by the community that 
you live in.” 

Over time, brotherly concern also 
developed into an intellectual curiosity 
about the cause of his sister’s disorder, and 
Skotko became a medical geneticist. Now 
co-directing the Down Syndrome Program 
at Massachusetts General Hospital in 
Boston, he hopes to overturn one of the most 


entrenched assumptions about the disorder: 
that its cognitive symptoms are too complex 
and permanent to treat pharmaceutically. 
This spring, Skotko’s clinic and others 
around the world are running two major 
trials of drugs that may alleviate some of 
the intellectual impairments in people with 
Down syndrome. One targets a chemical 
compound that is elevated in the blood in 
both Down syndrome and Alzheimer’s 
disease, and may somehow harm the 
brain. The other takes aim at an inhibitory 
neurotransmitter system that may put a 
brake on brain activity in people with Down 
syndrome. Both trials face some unusual 
challenges, including recruiting enough 
people with Down syndrome and gaining 
their informed consent. But if the drugs 
work, they could give these individuals— 
who increasingly survive into middle age 
thanks to improved treatments for the 
syndrome’s physical symptoms—a better 
chance at an independent life, Skotko says. 
Even as these trials move forward, a 
number of labs are pursuing a more radical 


option: addressing Down syndrome at its 
root. One line of work aims to steer fetal 
brain development back onto a more typical 
path; another would address the genetic 
cause of Down syndrome by inactivating 
the extra copy of chromosome 21. Although 
the prospect of treating Down syndrome at 
an early age, or even in the womb, is still far 
off, “this is an achievable goal,” says Diana 
Bianchi, an expert on fetal genetic conditions 
at Tufts University, Boston. 


Early origins 

In 1946, popular pediatrician Benjamin 
Spock declared that all babies with Down 
syndrome should be immediately institu- 
tionalized because “if [the infant] merely 
exists at a level that is hardly human, it is 
much better for the other children and the 
parents to have him cared for elsewhere.” 
The statement encapsulated a belief about 
the disorder that remained entrenched for 
decades: that Down syndrome is an immuta- 
ble condition with little prospect of improve- 
ment or integration into society. 
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Treatment plan. Brian Skotko (left) hopes to 
help people with Down syndrome, such as Kayla 
Flinkstrom (right), live independently. 


In most cases, Down syndrome occurs 
when the two copies of chromosome 21, 
the smallest human chromosome, don’t 
separate properly during the formation of 
sperm or eggs or during their union. Once 
fertilized, the egg ends up with three, rather 
than two, copies in each cell. As a result of 
the extra chromosome, scientists believe, 
the developing fetus receives an extra 
dose of the products of hundreds of genes, 
altering the delicate balance of proteins and 
other chemicals in the body. 

At the time of Spock’s recommendation, 
most children with Down syndrome died 
before their teenage years from one of the 
myriad health problems that frequently 
accompany the disorder, such as congenital 
heart defects, immune deficiencies, and 
leukemia. Today, many people with the 
disorder live into their 60s, but these strides 
toward better physical health—largely the 
indirect result of medical advances ranging 
from antibiotics to heart valve replacement 
surgery—have greatly outpaced progress 
toward treating the impairments in IQ, 
speech, learning, and memory. 

The most dramatic changes in how 
people with Down syndrome are treated 
since Spock’s era have not been medical, 
but social, says geneticist and cell biologist 
Robert Schoen of the nonprofit organization 
Research Down Syndrome in Chicago, 
Illinois. Now that people with Down 
syndrome have secured some basic rights— 
to attend school; to be employed; to be 


at Skotko’s Down syndrome 
clinic at Massachusetts General 
Hospital, the Chaissons leapt at 
the opportunity to enroll. Brian 
is one of roughly 24 patients 
taking part in the smaller of the 
two, testing a compound called 
ELND00S5, or scyllo-inositol, 
originally intended for Alzheimer’s disease. 
Researchers had noticed in animal and cell 
studies that ELNDO05, a sugar alcohol 
derived from plants such as the coconut 
palm, breaks up the B-amyloid plaques that 
accumulate in the brains of Alzheimer’s 
patients. Further testing by the Dublin- 
based biotechnology company Elan, now 
part of Perrigo Co., then revealed that it also 
lowers levels of myo-inositol, a chemical 
associated with plaque formation and 
cognitive impairment. 

People with Down syndrome have 
unusually high levels of myo-inositol in 
their brains, particularly in the hippocampus, 
a region vital to memory and learning. 
By the time they reach their 40s, roughly 
75% have also developed Alzheimer’s-like 
plaques and dementia, presumably because 
they get an extra dose of the amyloid 
precursor protein gene on chromosome 21. 
Although ELND005 isn’t intended to reverse 
abnormalities in brain development typical 
of Down syndrome, Elan proposes that by 
reducing myo-inositol, the drug will help 
neurons communicate more effectively and 
prevent the sticky plaques from forming. 

The current study will measure only 
the drug’s short-term effects on Brian’s 
learning, memory, and language abilities, 
but the Chaissons hope that it will also 
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school and employment, and are 
very satisfied with their lives,” 
he says. 


Informed consent 

Decorating the walls of Mary 
Ellen McDonough’s office is a 
lively collection of snapshots. 
Each smiling face has the almond-shaped 
eyes, flattened noses, small ears, and slightly 
protruding tongues that are telltale physical 
signs of Down syndrome. In one photo, a 
young man sits on the bed of an MRI scan- 
ner and gives the camera a celebratory two 
thumbs-up. McDonough, Skotko’s clinical 
trial coordinator, explains that he had just 
had his brain scanned—a mandatory base- 
line before beginning the Elan trial—and had 
been so anxious about being rolled inside the 
machine’s claustrophobia-inducing cylindri- 
cal gullet that he had to be sedated. 

Reassuring patients is only one of the 
challenges McDonough faces. After realizing 
that a 21-page, single-spaced legal consent 
document is inappropriate for people with 
Down syndrome, she devised a simplified, 
illustrated version. “A drug company called 
Elan has a new medicine,” reads one caption 
next to an image of a pillbox. “We want to 
test how well it works. We need to know how 
people’s bodies react to the new medicine.” 
A “thumbs-up” and a “thumb-down” symbol 
on another page reads: “You can say YES, or 
you can say NO.” 

Although the form mentions the 
possibility of dizziness, headache, sleepiness, 
and muscle pain, McDonough says she 
avoids talking too much about risks with 
the participants, as they sometimes become 


Although the prospect of treating Down syndrome at an early age, or even in the womb, 
is still far off, one geneticist now calls it “an achievable goal.” 


protected from abuse and discrimination— 
treatment is coming to the forefront, Schoen 
suggests. “I think this current generation of 
parents is looking for the next step beyond 
acceptance and inclusion.” 

That statement rings true for Elaine 
Chaisson, mother of Brian, a 22-year-old 
with Down syndrome in Massachusetts. 
Brian, who is also legally blind, was the 
first teenager with significant mental and 
physical disabilities allowed to attend his 
local public high school. Getting the extra 
help he needed was exhausting, and it 
wasn’t easy for him socially, she says. Other 
students “tried to break him,” she says, “but 
he rose to the occasion.” 

When they heard about the drug trials 


help their son avoid dementia in later life. 
Although he is “still struggling” with some 
aspects of the trial, such as having his blood 
drawn, the choice to join was ultimately her 
son’s, Chaisson says. “Brian knows he has 
problems and just wants those things not to 
be there.” 

Skotko hopes that the drugs he’s testing 
will indeed help clear some of the cognitive 
obstacles Brian faces. He acknowledges 
having some mixed feelings about the trials, 
however. One lesson he’s learned from his 
sister, and from surveying hundreds of 
people with Down syndrome, is that the 
vast majority are happy with their lives, who 
they are, and how they look. “People with 
Down syndrome are achieving success in 


frightened and confused. Instead, she saves 
in-depth discussions of potential side effects 
for guardians and parents, who in most 
cases must give consent as well. Because the 
drug trials require a great deal of time and 
commitment—clinic visits at least once per 
week for 10 weeks for the Elan trial—Down 
syndrome researchers need participants and 
families “to understand and to trust,” she says. 

Although Chaisson’s family is particularly 
interested in the Elan trial because of their 
fear of Alzheimer’s disease, Brian’s mother 
also hopes to enroll her son in the second, 
much larger trial, which will begin in the next 
few months. The phase II trial, sponsored by 
Swiss pharmaceutical company Hoffmann- 
La Roche, will recruit 180 young adults 
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and adolescents with Down syndrome at 
sites all over the world, including 33 from 
Skotko’s clinic. 

The trial will test a compound called 
RG1662 that targets memory deficits 
thought to stem from an imbalance of 
inhibitory and excitatory activity in the 
brain. In the early 2000s, neuroscientist 
William Mobley, then at Stanford University 
in Palo Alto, California, and several other 
researchers noticed that mice bred with 


As these discoveries unfolded, Michael 
Harpold, chair of the scientific advisory 
board for the Down Syndrome Research and 
Treatment Foundation, which had funded 
much of the laboratory work, decided to 
try to translate them into a safe treatment. 
Hoffmann-La Roche, along with several other 
companies, was already working to develop 
drugs that target GABA activity for general 
cognitive impairment, but not for Down 
syndrome. Tapping into the company’s long- 


nearly 2 decades of searching for cognitive 
treatments for Down syndrome—inspired 
by his 19-year-old daughter, Tyche, who has 
the disorder—have taught him to be cautious. 
The recent flourishing of research into Down 
syndrome has produced at least 11 potentially 
interesting new drug leads, including nicotine, 
green tea extract, and various nerve growth 
factors, he says, but testing their efficacy and 
safety will be slow given the relatively low 
prevalence of the disorder, about one in 1000. 


“| think this current generation of parents is looking for the next step 


beyond acceptance and inclusion.” 


third copies of genes similar to those tripled 
in Down syndrome showed an excess of 
inhibitory brain activity. The inhibition 
seemed to encumber the rodents’ ability to 
learn. Stanford neuroscientist Craig Garner 
likens it to driving with the parking brake on. 
The problem seemed especially pronounced 
in the hippocampus, where memories are 
processed and stored. 

Mobley wondered if it was possible to 
release that brake by blocking the activity 
of GABA, the brain’s primary inhibitory 
neurotransmitter. He applied picrotoxin, a 
poisonous crystalline plant compound that 
prevents GABA from binding to a class of 
receptors called GABAA, to living slices of 
brain taken from the hippocampi of Down 
syndrome mice. The compound normalized 
electrical brain activity in the tissue, but was 
too dangerous to use as a drug because it 
causes seizures. Garner began administering 
other, safer GABA-blocking drugs to Down 
syndrome mice. In 2007, he and colleagues 
reported that several compounds, including 
PTZ, a circulatory and respiratory stimulant, 
largely reversed the rodents’ memory and 
learning deficits. Once used to treat memory 
disorders, the Food and Drug Administration 
(FDA) took PTZ off the market in 1982 due 
to concerns about its efficacy and safety: 
Like picrotoxin, it causes seizures. 


running focus on developmental disorders, 
Harpold helped persuade it to tackle the 
genetic disorder. 

The firm went on to develop its own drug, 
which selectively blocks brain receptors 
that contain a specific protein subunit called 
GABAA 45. In February 2013, it released 
a study in The Journal of Neuroscience 
showing significant reductions in the 
cognitive deficits in a mouse model of Down 
syndrome, without seizures. The company 
went on to demonstrate the initial clinical 
safety of the drug in people with and without 
Down syndrome with two phase I trials. 

Buoyed by such developments, Mobley, 
who is now at the University of California, 
San Diego, predicts that a pill that alleviates 
some of the memory and learning deficits 
of Down syndrome will be available within 
5 years. Hoffmann-La Roche isn’t the only 
company now pursuing drugs that target the 
balance of inhibitory and excitatory brain 
activity in Down syndrome, Harpold notes. 
Balance Therapeutics, a California-based 
company, is now recruiting participants 
for a phase I clinical trial of a compound 
commonly used in cough syrup that also has 
been shown to influence the GABA system. 

Neuroscientist Alberto Costa of Case 
Western Reserve University in Cleveland, 
Ohio, shares Mobley’s excitement. But 


Eerie similarity. Unlike a scan of a normal brain (center), those of people with Down syndrome (left) and 
Alzheimer's disease (far right) show similar protein plaques. 
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For Costa’s own recent trial of meman- 
tine, a drug already used to slow cognitive 
decline in Alzheimer’s disease, it took 4 years 
to recruit 42 people with Down syndrome. 
The participants scored better on verbal 
memory tests when they took memantine than 
they did on a placebo, but the study was too 
small to be conclusive. Now, Costa is working 
with researchers in Sao Paulo, Brazil, to 
recruit 200 young adults and adolescents for 
a follow-up trial. 


Early intervention 

If current clinical drug trials in adults 
with Down syndrome don’t work, it may 
be because the window of opportunity is 
already closed in adults, suggests Tufts Uni- 
versity’s Bianchi. Indeed, Costa believes 
that previous clinical trials of memantine in 
adults “completely failed” to show any ben- 
efits because the drug was likely adminis- 
tered too late. “You can’t really revive neu- 
rons, or restore a disturbed neuronal net- 
work” if important brain structures “have 
basically gone away,” he says. 

Once mature, the brains of people with 
Down syndrome are about 20% smaller 
than average and have fewer neurons, as 
well as abnormal connections between cells. 
Studies of rodent models of Down syndrome 
by Costa; Roger Reeves of Johns Hopkins 
University in Baltimore, Maryland; and 
Tarik Haydar of Boston University School 
of Medicine, among others, have revealed 
aberrations in the earliest stages of brain 
development. The most affected regions 
include the hippocampus; the prefrontal 
cortex, which governs higher level cognitive 
tasks such as planning; and the cerebellum, 
which coordinates movement and learning, 
as well as attention and language. 

The cerebellum is Reeves’s personal 
fascination. In normal brain development, he 
notes, a population of neural stem cells in the 
cerebellum “has to divide like crazy the day 
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after birth.” In the Down syndrome mice he 
studies, these cells seem to miss the starting 
gun, he says, and the cerebellum never reaches 
its proper size and function. 

Last year, Reeves decided to amplify 
that “Go” signal. He used Sonic hedgehog, 
a powerful growth factor responsible 
for many aspects of development—we 
have Sonic hedgehog to thank for our 
symmetrical bodies and distinct fingers and 
toes, for example. On the day the Down 
syndrome mice were born, he injected the 
growth factor into cells in their cerebellum, 
and was startled to see that just one dose 
made the brain region develop to a normal 
size and at a normal pace. When the mice 
grew up, some of their learning deficits 
were also lessened, his group reported in 
Science Translational Medicine. 

The fact that “a single shot of a drug” 
at birth could correct an aspect of brain 
development “was a pretty satisfying and 
gratifying result,’ Reeves 
says. Although Mobley 
describes the improvements 
in the rodents’ behavior and 
physiology as “modest,” 
based on the study, “I bet 
there’s something really 
significant about Sonic 
hedgehog signaling in Down 
syndrome,” he says. Even 
subtle tweaks in the growth 
factor at birth or in the womb 
could have profound effects 
on development, he adds. 

There’s still an enor- 
mous gap between such 
experiments in mice and 
treating a fetus diagnosed 
with Down syndrome, 
however, says cell biologist 
Jeanne Lawrence of the 
University of Massachusetts Medical School 
in Worcester. “Would you ever feel like you 
could apply this drug to a child or prenatally, 
based on a mouse study?” 

“If I waltzed down to the FDA and said 
we'd like to squirt Sonic hedgehog in some 
babies they’d probably just arrest me right 
there,’ Reeves acknowledges. The next step, 
he says, is to start exploring why neural stem 
cells in humans with an extra chromosome 21 
are so reluctant to grow. “It would be a really 
neat experiment” if we could turn off the extra 
chromosome in those cells, he says. 


Genetic off switch 

A few hundred miles to the north of Baltimore, 
Lawrence is experimenting with exactly that. 
Last summer in Nature, to media fanfare that 
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occasionally suggested a “cure” was at hand, 
she and her team unveiled a new technique for 
“silencing” the extra chromosome 21. 
Lawrence was trained as a genetic 
counselor before “falling in love” with 
chromosomes while working as an assistant 
in a lab. Her potential Down syndrome 
treatment involves inserting a gene called 
XIST into one of the copies of chromosome 
21. XIST normally resides on the X 
chromosome and serves to shut down one of 
the two X chromosomes in females—both 
men and women get along with one X. The 
gene produces a long strand of RNA, which 
Lawrence says likely covers the chromosome 
in an RNA shroud, triggering proteins that 
block any genes from being transcribed. 
Working with pluripotent human stem 
cells created from people with Down 
syndrome, Lawrence used proteins that target 
specific DNA sequences to place X/ST on one 
of the copies of chromosome 21. The added 


Hopeful result. Jeanne Lawrence points to a cell in which her team has turned off a third 
copy of chromosome 21, leaving the two others untouched. 


gene shut off the entire extra chromosome. 
Her colleague Jun Jiang, whose job is to 
try to coax Down syndrome stem cells 
into differentiating into neurons in a petri 
dish, says that the “silenced” cells develop 
normally. Rather than a scarce, neuron-poor 
moonscape or an unhealthy overgrowth of 
glial cells, which such stem cells from Down 
patients typically produce, Jiang sees many 
flourishing neural “rosettes” in her petri 
dishes—the early agglomerations of stem 
cells that ultimately turn into neurons. “Like 
beautiful flowers,” she says. 

The X/ST strategy is already a powerful 
tool for studying what goes wrong in Down 
syndrome in humans, Lawrence says. For 
example, because scientists can switch 
chromosome 21 off in some cells and not 
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in others, this could provide a controlled 
model for testing drugs, such as regulators 
of Sonic hedgehog, that could improve 
neural stem cell function or differentiation, 
she says. Long-term, her team plans to 
extract neural stem cells from mouse models 
of Down syndrome, treat them with X/S7, 
and transplant them back into the rodents’ 
hippocampi to see if the cells proliferate 
and restore learning and memory, she says. 
Her lab is also planning to test strategies to 
deliver the X7ST gene directly into neural 
stem cells in mice hippocampi to see if 
the injected gene can correct fetal brain 
development and later function in vivo. 

Both Lawrence and Reeves agree that 
the prospect of using X7ST to treat Down 
syndrome in humans—either in utero 
or adulthood—is still extremely remote. 
Beyond the considerable technical obstacles, 
there are the ethical hurdles that come with a 
powerful genetic therapy, especially one that 
might be deployed in utero. 
“Tt’s not clear to me how this 
is going to be translated into 
humans,” Reeves says. 

That hasn’t stopped the 
phone at Skotko’s Massachu- 
setts General Hospital Down 
Syndrome Program from 
ringing off the hook with 
calls from people wanting to 
sign up family members with 
Down syndrome for a trial 
with X7ST, however. “We 
had a lot of untangling and 
explaining to do,” when 
Lawrence’s research was 
first published last summer, 
McDonough says. 

For Mary Beth Rattey, 
Lawrence’s results generated 
strong emotions. “I burst into 
tears and had to pull over to the side of the 
road,” when she heard about the work over 
the radio, the Townsend, Massachusetts, 
restaurant manager recalls. She, her 
husband Ray, and their 19-year-old daughter 
Genevieve, who has Down syndrome, 
regularly visit Lawrence’s course on human 
genetics to talk to medical students about 
the disorder, so she had heard hints about the 
research before it was published. Even though 
she knows the advances will likely not benefit 
Genevieve, the potential for treatments 
that could help other families in the future 
is “incredible news,” Rattey says. “I don’t 
feel like I missed a boat—our life has been 
awesome—but for the first time, it seems like 
they have something to work with.” 

—-EMILY UNDERWOOD 
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Raw Data: Access to Inaccuracy 


IN “RAW PERSONAL DATA: PROVIDING ACCESS” (POLICY FORUM, 24 
January, p. 373), J. E. Lunshof and colleagues argue that donors should 
have access to raw data derived from their contribution to research or 
clinical repositories. Fairness, reciprocity, and respect for autonomy 
are compelling ethical reasons for access, if not for one major prob- 
lem: the intrinsic inaccuracy of most research data. 

Even the best-documented population studies cannot guarantee 
accurate data for individual 
participants. Limited research 
budgets force researchers to 
decide between assessing a 
few variables at high qual- 
ity or many variables at lower 
quality, and they typically 
choose the latter. More data 
means more research oppor- 
tunities, and suboptimal data 
quality is perfect enough 
when conclusions are drawn 
for populations at large. Yet, 
the data cannot be used to 
inform about individual par- 
ticipants. 


Raw Data: Research and 


To illustrate the moral obligation for granting access, the authors 
draw an excellent analogy with money banks, but the example actually 
undercuts their point. Money banks would never provide customers 
access to their bank accounts if they had even the slightest doubt about 
the accuracy of the balances. Inaccurate account data not only harm 
individual customers, who then remain uncertain about their financial 
position, but also destroy public trust in money banks. This is a risk 
that banks would not even think of taking, and scientists should not 
either. 

High-quality online genome data interpretation tools, health pro- 
fessionals, and other independent experts cannot make sense of data 
when they cannot rely on the quality. A disclaimer concerning data 
accuracy, as the authors propose, does not solve that problem. If 
researchers respect their participants, take them seriously, and want 
to do more good than harm (/), they do not give them all they have, 
but give something valuable in a responsible way (2). And that is not 
merely access to data. 

A. CECILE J. W. JANSSENS 


Department of Epidemiology, Emory University, Atlanta, GA 30322, USA. E-mail: cecile. 
janssens@emory.edu 
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Health Care Goals Differ 


IN THEIR POLICY FORUM “RAW PERSONAL 
data: Providing access” (24 January, p. 373), 
J. E. Lunshof et al. suggest that more should 
be done to enable persons who had their 
genome sequenced, either as research sub- 
jects or as patients, to actively access their 
raw data. They argue that routinely provid- 
ing them with personal access codes to those 
data would be a matter of transparency and 
respect for autonomy. We think Lunshof et 
al. underestimate the dangers of actively 
handing out data that we know are not fully 
reliable and can lead to misinterpretation. 


In our view, the proposed policy would be 
at odds with the responsibility of health 
professionals. 

In health care, clinical utility should have 
priority over social utility. An appeal to reci- 
procity between donors and users of genomic 
data does not change this argument. Patients 
are not the same as data donors. If patients 
become data donors by consenting to have 
their data stored in research registries, they 
should be aware that they have entered a dif- 
ferent relationship, in which they primarily 
contribute to the benefit of future patients. 

Lunshof et al. ignore the crucial differ- 
ence between health care and research when 
they criticize the recent recommendations 
of the European Society of Human Genetics 


(ESHG). To avoid the unnecessary genera- 
tion of incidental findings, these recom- 
mendations advise the use of targeted forms 
of testing if that is sufficient to address the 
patient’s problem (/). According to Lunshof 
et al., this is problematic as it “systematically 
precludes the possible discovery of complex 
genetic causation.” We disagree: Discovery 
is the aim of research, not of health care. 
Conflating these aims risks turning patients 
into research subjects without their consent. 
W. J. DONDORP,** C. G. VAN EL,? 
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Response 
WE FULLY AGREE WITH A. C. J. W. JANSSENS 
and W. K. Dondorp et a/. on the importance 
of considering very carefully what conclu- 
sions from analysis of raw data should be 
returned to data donors. However, that is 
very different from enabling patients and 
research participants to access the raw data. 
The two processes serve different purposes: 
The returning of findings aims at providing 
research participants and patients (and their 
doctors) with analytically valid, clinically 
relevant, and, if possible, clinically action- 
able information. Indeed, in this situation, 
the professional responsibility of health care 
professionals is a particular one. 

The dangers, as perceived by Janssens 
and by Dondorp ef al., of communicating 
imperfect data and an uncertain interpreta- 


Turning microtubules 
inside out 


tion to patients, are inherent to the clinical 
encounter and part of professional liability, 
as we emphasize in our Policy Forum. This 
responsibility is very different in enabling 
access to raw data. Moreover, in any con- 
text, personal risk assessments and the bal- 
ancing with expected benefits are highly 
individual processes and not just a matter 
of professional expertise (/). It will need 
to be made very clear to those wanting to 
access their raw data sets that these may con- 
tain mistakes and inaccuracies, and that they 
may—in most cases—not be actionable in 
an immediate way. We expect that as a result, 
many patients and research participants will 
not actually access their raw data. But this 


CORRECTIONS AND CLARIFICATIONS 


Letters: “Global warming and winter weather” by J. M. Wallace et al. (14 February, p. 729). The low-temperature record set 
at O'Hare Airport equates to -27°C, not —8°C. The PDF and HTML versions online have been corrected. 


Reports: “Designing collective behavior in a termite-inspired robot construction team” by J. Werfel et al. (14 February, p. 
754). A production error resulted in the omission of the end of the second sentence of the abstract. The sentence should 
read “Predicting high-level results given low-level rules is a key open challenge; the inverse problem, finding low-level rules 
that give specific outcomes, is in general still less understood.” The PDF and HTML versions online have been corrected. 


Reports: “An antifreeze protein folds with an interior network of more than 400 semi-clathrate waters” by T. Sun ef al. 
(14 February, p. 795). The correct PDB code is 4KE2 (not 4EK2). The HTML and PDF versions online have been corrected. 


News Focus: “Selling America’s fossil record” by H. Pringle (24 January, p. 364). The date on which the GeoDécor Web 
site was accessed was incorrect; it was accessed on 6 December 2013, not in December 2014. The HTML and PDF versions 


online have been corrected. 


Editors’ Choice: “A question of balance” by H. J. Smith (3 January, p. 7). Lupascu et al. reported that in High Arctic 
tundra, warming alone decreases (not increases) the summertime CO, sink strength by up to 55%. The HTML and PDF ver- 


sions online have been corrected. 


Reports: “GRB 1304274: A nearby ordinary monster” by A. Maselli et al. (3 January, p. 48; published online 21 November 
2013). Author B. Wiegand’s name was incorrectly spelled “Weigand.” The HTML and PDF versions online have been corrected. 


Reports: “Pregnenolone can protect the brain from cannabis intoxication” by M. Vallée et al. (3 January, p. 94). In the 
author list, the dagger indicating that “These authors equally supervised this work” should be deleted from M. Vallée’s name 
and added to G. Marsicano’s name, indicating that G. Marsicano and P. V. Piazza were equal supervisors. The HTML and PDF 


versions online have been corrected. 


decision needs to be up to them. The same 
applies to personal raw data in other types 
of research, such as the social sciences, in 
which access to individual metadata has no 
practical utility for participants but serves 
transparency and is the cornerstone of a 
reciprocal relationship between participants 
and researchers. 

Dondorp et al. raise the issue of 
conflating research and clinical care. 
They emphasize, first, that patients 
need to consent to become research 
participants and thus data donors. 
In practice, however, in many clini- 
cal settings, becoming a donor of 
research data or samples may occur 
by default, and individuals need to 
be aware of this and opt out if they 
do not want their data to be included 
(2). This underscores once more the 
asymmetrical relationship between 
patients on the one hand and clini- 
cians or researchers on the other. Second, 
Dondorp et al., referring to the need to restrict 
analyses to avoid the unnecessary generation 
of incidental findings, state that discovery is 
the aim of research and not of health care. 
However, such a dichotomy does not always 
correspond with the wishes of patients: 
Many patients want research to be done, for 
their own benefit and that of others, and they 
donate their data for research. In particular in 
genetics, patients and families, as partners in 
research, often seek the most comprehensive 
approach to find their disease-causing muta- 
tions (3, 4). 
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URBAN STUDIES 


Connecting Paradigms 


Michael Szell 


cience is an endeavor of artful simpli- 

fication, of discovering general princi- 

ples. Fruit flies, for example, look very 
different from humans, but the two species 
share 75% of disease-causing genes. Thus, 
we can study fruit flies to learn about our own 
weaknesses under the common framework of 
genetics. Similarly, the unifying principles 
of allometry allow us to make sense of most 
forms of life on Earth, where a cat is just a 
blown-up mouse and a human 
is just a blown-up cat. Multi- 
ply an animal’s size by x, and 
its heart rate, lifetime, and 
other features will increase in 
proportion to specific powers 
of x. This is the case because 
the physical rules that govern 
the formation of circulatory 
systems hold everywhere. Turning to social 
phenomena, can we find universal processes 
underlying them? 

Let us take a big leap and consider cities: 
Perhaps something similar to biology’s allo- 
metric rules would allow a megacity as com- 
plicated as New York to be better understood 
by looking at what goes on ina small village. Is 
New York just a blown-up version of Venice? 
Universal principles that govern urban shapes 
and growth processes indepen- 


of Cities 


The New Science 


by Michael Batty 


MIT Press, Cambridge, MA, 
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principles: an intrinsic order of scale deter- 
mines a city’s form and function, and a sci- 
ence of cities should not merely observe but 
also predict. The book draws on the work of 
urbanists, economists, mathematicians, and 
physicists as well as almost five decades of his 
own contributions to urban studies. 

Batty’s approach rests on a physicalist phi- 
losophy: He focuses on what can be imme- 
diately observed. In a treatise that eventually 
becomes technical, he simpli- 
fies cities as “sets of actions, 
interactions, and transactions.” 
The book develops a toolbox of 
mathematical models—well 
applicable to “big data” that are 
being increasingly collected 
about cities—from a mesmer- 
izing potpourri of paradigms. 
Its foundational part takes us on a fascinating 
historical journey through these perspectives, 
from urban economics and transportation to 
fractal geometry, dynamical systems, and net- 
work science. All these aspects can be embed- 
ded in complexity theory, the most likely can- 
didate to provide the consistent philosophy for 
achieving the author’s ambitious goal. 

The foundations for modern urban stud- 
ies were laid in the 19th century, with the 


first analytical, economic approaches and 
the concept of agglomeration. The closer we 
live together, the more opportunities of trade 
we find, creating economies of scale. Today, 
extensive empirical evidence supports an 
urban allometry that convincingly shows cit- 
ies are humanity’s socioeconomic reactors, 
in which citizens produce, consume, and 
interact more as the city increases in size. 
These interactions can be explained mech- 
anistically using Newtonian metaphors of 
cities as entities that exert gravitational-like 
forces on populations. Such gravity models 
are used in various social sciences and have 
recently experienced a boom in the study of 
human mobility through mobile phone data. 
Powerful metaphors populate the his- 
tories of urban studies and planning. For a 
long time, the prevailing line of thinking saw 
the city as a machine, a model in which a 
“controller steered the city cybernetically 
toward a future desired state.” Now we know 
better, realizing that cities are complex sys- 
tems meandering through a space of config- 
urations, like biological organisms evolving 
in a Darwinian fitness landscape. Such sys- 
tems exhibit hallmark features of nonlinear 
dynamics far from equilibrium. Small inter- 
ventions can have massive, counterintuitive 
consequences, making cities almost impos- 
sible to control. In a field where planning 
is essential, this discovery is devastating. 
It means that monumental top-down plans, 
which dominated most of 20th-century city 
planning, are a recipe for failure. 
The book provides some 


dent of particular history or geog- 
raphy could support a “grand uni- 
fied theory of cities.” What would 
it take to discover them? 

The New Science of Cities 
presents a herculean attempt to 
bring together widely fragmented 
approaches to making sense of 
human social organization with 
the goal of eventually establish- 
ing a consolidated “science of 
cities” able to answer our ques- 
tions. Michael Batty bases his 
argument on the interplay among 
space, dynamics, and relations. 
He holds that “to understand 
place, we must understand flows, 
and to understand flows we must 
understand networks.” Batty (a 
geographer at University College 
London) also stresses two other 


The reviewer is at the SENSEable City 


better options. Parsimonious 
bottom-up models and agent- 
based simulations unveil basic 
mechanisms of competition and 
growth. Cutting-edge visualiza- 
tions facilitate the exploration 
and the interpretation of empiri- 
cal and synthetic data. Through 
a synthesis of the descriptive 
and the normative and a com- 
bination of quantitative model- 
ing with qualitative theories of 
social exchange and collective 
action, the author shows how to 
model urban design to improve 
the decision processes of author- 
ities and policy-makers. 

Batty stresses that the set of 
approaches he tackles is a first 
step and by no means exclusive: 
“it would be presumptuous to 
think of this effort as the only 
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Urban complexity. Human flows (mapped by Eric Fischer using geotagged 
tweets) illustrate the organic structure of New York City. 
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science of cities, for the city and 
its planning admits many view- 
points.” He concludes that an 
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integrated, “nicely packaged,’ and immedi- 
ately applicable science of cities might never 
be reached. Nevertheless, The New Science of 
Cities succeeds in clearing a way. It illustrates 
convincingly the particular promise of math- 
ematical modeling and complexity theory for 
designing sustainable urban futures. 
10.1126/science.1249599 


ENVIRONMENT AND HEALTH 
Fighting Urban 
Scourges 


Frederick R. Davis 


lies, bedbugs, cockroaches, and rats— 
Fe: What an ignominious group of 

animals. Each in its own way proved 
a bane of city life in the 20th-century United 
States. Collectively and individually, they 
carry disease, spoil pantries, and threaten the 
general well-being of urban residents, partic- 
ularly the poor and especially people in pub- 
lic housing. How can cities fight these pests? 
Who is responsible: the federal government or 
the municipality? the community or the fam- 
ily? Where does agency lie in an urban ecol- 
ogy that pits resident against pests? Dawn Day 
Biehler examines these sorts of questions in 
her fascinating Pests in the City. 

In laying out her history of urban ecol- 
ogy, Biehler (a geographer at the University 
of Maryland, Baltimore County) develops 
the notion of “ecologies of social injustice.” 
In case after case, she reveals how wealth- 
ier urban residents drew on domestic help to 
combat pests while impoverished minorities, 
especially African Americans, remained vul- 
nerable to the incessant onslaught of those 
unwanted co-inhabitants of our cities. 

Lest the reader forget that pestiferous spe- 
cies possess agency, Biehler reveals this inde- 
pendence through a series of vignettes, set 
off from the main narration by italics. With- 
out anthropomorphizing, Biehler captures 
the needs and wants of flies, rats, bedbugs, 
and cockroaches. These sections illustrate the 
biology and ecology of pests, and they remind 
readers that context is what characterizes an 
organism as a pest. 

Given the ignominy of these pests, city 
planners and public health officials have 
waged truly epic battles with them. Such 
struggles often amounted to arms races as 
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A family responsibility. In this 1916 drawing, most 
of the flies come from trash in the yard. 


public officers and individuals launched one 
chemical after another against a never-ending 
onslaught. Biehler follows these fights against 
pests from private homes to public housing. 

During the Progressive Era, the status 
of the house fly (Musca domestica) shifted 
from harmless companion to disease vec- 
tor. Leland Howard, chief of 
the Bureau of Entomology at 
the U.S. Department of Agri- 
culture, tried to change the 
common name to typhoid 
fly to transform popular per- 
ceptions of the fly. Biehler 
argues that Howard, along 
with representatives of the 
progressive Hull House in 
Chicago and advocates in the District of 
Columbia, saw homes as part of an urban 
ecology and called for government to clean 
up each of the cities, respectively. Yet, she 
notes, modernization of homes, citizens, and 
sanitation failed to effectively control flies 
in the cities. Such control was achieved only 
following the transformation of urban trans- 
portation systems when electrified streetcars 
and automobiles replaced horsepower. 

Pests such as bedbugs (Cimex lectular- 
ius) did not respect social class—at least not 
during the early growth of American cities. 
Biehler demonstrates, however, that in time 
domestic help enabled wealthier city resi- 
dents to control bedbugs through cleaning 
and attacking them with hot water and kero- 
sene. Metal bedframes and cleaning appli- 
ances also helped the well to do in their battle 
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with bedbugs. Not so the impoverished, who 
could not afford the time, help, or new tech- 
nologies. Could a powerful insecticide tip the 
balance in this story of ecological injustice? 
Yes and no, Biehler argues. Hydrocyanic acid 
(HCN) substantially curbed bedbug infesta- 
tions while subjecting residents to the risks of 
accidental exposure (including death, as illus- 
trated by several tragic cases). Before Rachel 
Carson revealed its deleterious environmen- 
tal effects, DDT provided a safer alternative 
to HCN. Yet, that popular insecticide carried 
risks of its own and once again shifted the bur- 
den of bedbug control to the residents (even in 
public housing). 

Control of German cockroaches (Blat- 
tella germanica) followed a path similar to 
that of bedbugs (HCN to DDT). But, accord- 
ing to Biehler, it was disinvestment in cit- 
ies in the aftermath of the federal Housing 
Act of 1949 that kept public housing bud- 
gets low and fostered the conditions wherein 
roaches (and mice and rats) thrived. Such 
conditions probably fostered development 
of ecological resistance to a new insecticide, 
chlordane, as the offspring of cockroaches 
that survived DDT also exhibited resistance 
to chlordane. 

Like other pests, Norway rats (Rattus nor- 
vegicus) exploited the interstices between 
public policy and private residences. In Bal- 
timore and Chicago, municipal rat control 
extended as far as alleys and 
other public spaces. This 
placed much of the domes- 
tic space off limits to exter- 
minators, leaving residents 
vulnerable to infestation 
and responsible for control 
measures that they could not 
necessarily afford. Biehler 
shows that some proponents 
of urban rat control advocated chemical solu- 
tions, with all the risks associated with them, 
while others argued for ecological strategies 
on the grand scale, which failed to engage 
citizens. Populations of rats rebounded in the 
spaces between these strategies. 

Pests in the City demonstrates that won- 
derful studies can emerge from extremely 
mundane origins. Throughout much of the 
20th century, flies, bedbugs, cockroaches, 
and rats exploited niches within urban ecol- 
ogies of the United States. Their continued 
presence challenged authorities and citizens 
alike. In her meticulous and thoughtful analy- 
sis of urban environmental injustice, Biehler 
deftly illustrates how these pests continue 
to undermine aspirations for modern and 
healthy living conditions for all. 

10.1126/science.1249016 
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INTELLECTUAL PROPERTY 


A Better Route to Tech Standards 


Josh Lerner’* and Jean Tirole? 


echnological standards are ubiqui- 
| tous, whether they allow consumers to 
communicate seamlessly across wire- 
less networks or manufacturers to procure 
goods across complex global supply chains. 
These standards—shaped by standard-setting 
organizations (SSOs) and participating engi- 
neers, academics, lawyers, and executives— 
in turn shape how new technologies evolve, 
specifying rules for how standard-compliant 
products must work and interact with other 
components. This standardization process is 
under tremendous stress. Many disputes roil- 
ing courts and administrative bodies around 
the world—such as those involving Apple, 
Google, Microsoft, and Samsung—concern 
commitments made during the standardiza- 
tion process and the ways that firms have 
sought to “game” the system. We explore why 
the system is breaking down and propose a 
way in which standard setting could be rede- 
signed to address these problems. 

Standardization assures users that they 
will not be stuck with an orphan technology 
largely incompatible with other systems and 
used by few others. Instead, users will benefit 
from network externalities, where the tech- 
nology’s value depends on the number of oth- 
ers using the technology. This boosts demand 
for new technology, which provides research- 
ers with incentives to innovate. 

Standard-setting organizations play three 
roles in this process. First, engineers iden- 
tify alternative avenues to solve a given tech- 
nological challenge. Second, in cases where 
there are conflicting technologies where none 
is evidently superior, the SSO will frequently 
coordinate on one approach. This winnowing 
down of alternatives is important because it 
greatly simplifies the choices of manufactur- 
ers and consumers. 

Finally, because stakes are high for firms 
participating in the standardization process, 
SSOs seek to regulate the behavior of mem- 
bers. Particular concerns are ensuring that 
firms disclose relevant patents, so as to pro- 
vide adequate information to other parties in 
the standard-setting process, and agree not to 
price licenses to their patents too aggressively, 
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so as to enable broader 
adoption of the technol- 
ogy. But SSOs are limited in 
this regulatory role, because 
technology owners can seek 
another SSO if rules are too 
onerous. 

The intellectual property 
(IP) embodied in standards 
has two essential charac- 
teristics, which can lead to 
unfortunate outcomes. First, 
in many cases, new tech- 
nologies tend to be covered 
by a wide array of patents 
issued to the different firms 
that contribute components 
to the technology. In this 
“patent thicket,” if each pat- 
ent owner sets the revenue- 
maximizing price for its pat- 
ent licenses without considering the fact that 
other patent owners benefit from wider diffu- 
sion, the resulting price is likely to be far too 
high. Economists term this “royalty stack- 
ing.” 

Second, in many cases, there are multiple 
routes to solving a given technological prob- 
lem. Each one of these may be equally viable, 
but often an SSO will choose only one avenue. 
After the decision is made, however, any pat- 
ent needed to practice the standard becomes 
a “standard-essential patent” (SEP), and the 
patent owner can ask for a high royalty even 
when other patents could have offered compa- 
rable value, had the technology been morphed 
differently. SSOs must therefore regulate 
licensing of the patents chosen to be part of 
the standard. SSOs typically eschew any dis- 
cussion of price before the establishment of 
the standard. This reluctance largely reflects 
fear of antitrust authorities: Any price discus- 
sions might lead to charges of collusive and 
anticompetitive behavior, as the SSO could 
blackmail patentees to accept low prices in 
exchange for inclusion into the standard. 

To restrain firms from taking advan- 
tage of the essentiality of their patents that 
was acquired only from being included in a 
standard, SSOs commonly require firms to 
commit in advance to license their patents 
on fair, reasonable, and nondiscriminatory 
(FRAND) terms. But FRAND commitments 
are ambiguous; what exactly is fair and rea- 


Prestandard price commitments, as well as 
government intervention, may help patent 
licensing and standard setting. 


sonable? This is determined 
not by the SSO itself, but by 
a court years after the stan- 
dard is established. Percep- 
tions of patent value can dif- 
fer widely when one looks 
before or after the dispute. 
Ambiguities associated with 
FRAND commitments have 
resulted in dozens of expen- 
sive litigations (/, 2). 

Even in the absence of a 
legal dispute, the FRAND 
requirement has not worked 
well. Consider the not 
uncommon case where par- 
ticipants in an SSO estab- 
lish a patent pool to jointly 
license key patents covered 
by the standard. Many pools 
simply divide royalties in 
proportion to the number of patents that each 
firm has contributed to the pool. Such “1/n 
rules” may reflect that patents initially dif- 
ferent in their importance are made equally 
essential by standardization. The process thus 
over-rewards minor innovations at the expense 
of major ones. In these settings, selection of 
patents for the standard (and pool) can be 
highly contentious. SSOs may include either 
too many or too few patents in the standard. 


Structured Price Commitments 

We propose an alternative approach, which 
we term “structured price commitments.” We 
suggest that SSOs follow this sequence: 

1. During a discovery phase, parties 
explore which technology combinations are 
technically viable (as is done now by SSOs). 
This “engineering” phase makes no reference 
to prices at which patents would be licensed. 

2. Before the standard is finalized (and 
unlike today’s practice), there is a recess, 
during which firms commit to a price cap 
at which they will grant nondiscriminatory 
licenses to their patents. Firms make com- 
mitments to the maximum price (and most 
restrictive terms) that they would charge 
before the patent is included in the standard. 

3. Participants choose the standard, with- 
out discussing prices, as is currently done. 

4. Finally, some or all of the participants 
may form a patent pool after the standard is 
set, again following today’s practice. 
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CHALLENGES OF IMPLEMENTATION)LESSONS-FROM_ EXPERIENCE 


The international trade association VITA, which develops standards that govern modular embedded 
computer systems in such products as advanced avionics devices and complex medical instruments, 
became frustrated when owners of patents that were essential to implementing one of their new standards 
demanded a higher royalty rate than anticipated after being deemed standard-essential. As a result, VITA 
proposed a new policy, which the U.S. Department of Justice’s Antitrust Division approved in October 
2006 (6). VITA demanded that members declare the highest royalty rates and most restrictive terms under 
which they would license these patents for implementation of the given standard. In response to this 
controversial policy, Motorola launched a campaign to decertify VITA as an SSO recognized by the 
American National Standards Institute, an effort that ultimately proved unsuccessful. Although VITA ended 
up moving forward with its standardization process, it was not a spectacular success (7). Similarly, the 
Institute of Electrical and Electronics Engineers and the European Telecommunications Standards Institute 
encountered stiff resistance and, in the end, had to make price commitments optional. Even if price 
commitment requirements lead to a good outcome, we cannot expect SSOs to mandate them by 
themselves or expect patent holders to cooperate with standard bodies that mandate such commitments. 


Our theoretical analysis (3) looks at conse- 
quences of this modified standard-setting pro- 
cess. Initially, it might be thought that this pro- 
cess, too, might lead to a variety of opportu- 
nistic behaviors. For instance, a patent-holder 
might set a high price cap in order to achieve 
a stronger bargaining stance when it comes to 
dividing profits from the eventual patent pool 
formed around the standard. Such behavior 
might lead to excessively high licensing rates 
and too little technology adoption. Despite 
the possibility of such gaming, our analy- 
sis shows that structured price commitments 
achieve the desired “competitive bench- 
mark,” with license prices the same as would 
prevail if there were no network externali- 
ties and, thus, no need for a standard, which 
would free users to adopt whatever mixture of 
technology they wished. This provides a rea- 
sonable balance between incentives for tech- 
nology innovation and diffusion. 

How can price caps selected before stan- 
dard-setting work? Intuitively, when patents 
are fairly interchangeable with each other 
before selection of the standard, the require- 
ment to commit to a cap forces patent own- 
ers to choose a lower price than they would 
afterwards, so as to get their patent included 
in the standard. Otherwise, the SSO would 
choose a more affordable option. And when 
patents are complementary rather than inter- 
changeable, setting one’s price away from its 
competitive level leads to a loss of profit: For 
instance, if a patent owner opts for a low price 
cap, other owners will be less willing to give 
him or her a large share of the proceeds of any 
patent pool that may form. 

Such commitments lower the amount that 
ultimately will need to be paid to license the 
key patents to implement the standard, and 
also better match the rewards to innovations 
(royalties) with their contributions. 

We do not suggest abandoning FRAND. 
SSOs may make mistakes, and important 
patents may escape attention at the time the 
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standard is promulgated. However vague and 
limited, FRAND still imposes some ex post 
constraints on licensing terms. Thus, we view 
structured price commitments as a comple- 
ment, not a substitute, to FRAND. 


Can Regulation Work? 

The idea that patent owners might commit 
to prices before standard-setting is not new; 
both academics and policy-makers [e.g., (4)] 
have mentioned that possibility. Furthermore, 
this policy has been tested by some SSOs (see 
text box). Yet there has been little adoption by 
SSOs in general. 

One issue is that economists had no 
framework for thinking about price commit- 
ments. There was no way to predict, even at a 
theoretical level, what would happen if such 
commitments were mandated. The theoreti- 
cal analysis comforts us about the normative 
impact of commitments (should we expect 
a good outcome from this new institution?). 
But thus far, it does not explain why SSOs 
which, rightly or wrongly, tried them, failed 
to appeal to IP owners and set a new “stan- 
dard” for the standard-setting process. 

Consistent with historical examples, our 
model highlights that patent owners prefer 
to go to an SSO that does not constrain their 
freedom to license patents as they see fit. 
Competition between SSOs, which we term 
“forum shopping,” allows IP owners to find 
more complacent SSOs that do not put such 
pressure on their prices. Owners of equally 
important, standard-relevant patents will 
always opt for a lenient (commitment-free) 
SSO. Only in specific circumstances will pat- 
ent owners be attracted by such requirements, 
e.g., when owners of clearly essential patents 
fear that an SSO will include a number of 
more minor patents, with whose owners they 
will have to share the pie equally. 

The corollary is that without a govern- 
ment mandate and/or purchasing prefer- 
ences, SSOs are unlikely to opt for the “right 
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answer” and demand price commitments. 
Nevertheless, the suggestion that price com- 
mitments be mandated has problems: It 
could be infeasible or, if feasible, the regula- 
tion might do more harm than good. 

Concerning feasibility, the rule can be 
implemented where public procurement 
is sizable, such as telecommunications. It 
would suffice to require suppliers to con- 
form to “compliant standards” enacted 
by SSOs requiring price commitments. 
Furthermore, antitrust authorities and courts, 
already involved in regulating standard- 
setting through reviews and litigation, could 
favor compliant standards and discourage 
noncompliant ones. 

As for unintended consequences of reg- 
ulation, the requirement is simply to com- 
mit to a price cap. If practice does not work 
according to theory (only experimentation 
can tell), the hazard is that IP owners will set 
too high a cap. But it cannot be worse than 
the current policy, which is formally an infi- 
nite price cap. The combination of a cap with 
FRAND cannot be worse than only FRAND. 
So this is rather low-risk. 

In recent years, antitrust authorities 
have wakened to the importance of stan- 
dardization and the way in which firms can 
manipulate this process (5). Now, the chal- 
lenge is to create rules that will ensure that 
standards can effectively promote transla- 
tion of scientific and technological insights 
into new products and economic growth. 
Requiring price commitments is theoreti- 
cally appealing, rather risk-free, and worth 
experimenting with. 
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Meet the New Boss, 
Same as the Old Boss 


Michael Kaspari and Michael D. Weiser 


ways to compete. Most species carve 

out a niche where they are particularly 
effective at turning resources into offspring. 
Others play a more dangerous game: They 
win not by outcompeting their adversaries 
but by killing them. Sometimes this is as 
simple as applying a little poison. On page 
1014 of this issue, LeBrun et al. (/) reveal 
how the tawny crazy ant (Nylanderia fulva), 
newly arrived to the United States from 
South America, may be ending the more 
than 60-year reign of the red imported fire 
ant (Solenopsis invicta), a competitor armed 
with a powerful alkaloid venom. The crazy 
ant’s secret? It knows the antidote. 

The tawny crazy ant was transported in the 
early 1980s to the southeastern United States 
from the savannas of South America (2). It 
is not choosy where it nests; colonies can be 
found “under or within almost any object or 
void, including stumps, soil, concrete, rocks 
[and] potted plants” (3). Erratic carpets of 
tawny crazy ants can be found in the lawns of 
Houston, Texas. It is replacing native inver- 
tebrates, including native ants (2), in grass- 
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lands and river bottoms. Along the way, 
tawny crazy ants are doing something rather 
remarkable. They are battling and, in many 
cases, wiping out an invasive ant notorious 
among three generations of U.S. southerners: 
the red imported fire ant. Crazy ants even take 
over fire ant nests. One key to the crazy ant’s 
success lies in its ability to detoxify the fire 
ant’s potent and painful alkaloid venom. 
Toxins are often used by predators (e.g., 
spiders and vipers) and by potential prey aim- 
ing to deter predators (e.g., monarch butter- 
flies and lionfish). However, the use of poi- 
sons to reduce the fitness of competitors— 
known as antibiosis by microbial ecologists 
and as allelopathy by botanists—is rarely 
observed in animals. This is partly a result of 
the ways in which poisons work. First, poi- 
sons work best when they stay where you put 
them (4): You don’t spray mace into a head- 
wind, and soil bacteria are more likely to try 
antibiosis than their aquatic counterparts (5). 
Ants have evolved a diversity of structures 
that dab, squirt, and otherwise target venom. 
Second, poisons must be kept away from the 
rapidly developing embryos that yield future 
generations (6). Ants can overcome this sec- 
ond constraint because their colonies, like 
those of the red imported fire ant, are super- 


A chemical defense helps an invasive ant 
species to outcompete an earlier invader that 
originates from the same native region. 


organisms. The colony’s functioning eggs, 
sperm, and larvae remain back at the nest 
with the queen(s), leaving sterile workers free 
to wreak chemical havoc on the edges of their 
territories. The red imported fire ant’s power- 
ful chemical mace has been a key reason for 
its successful spread through the southeastern 
United States (7). 

The fire ant’s toxin tends to deter most 
North American ants—but not, apparently, 
the crazy ant. When fire ants find a morsel like 
a dead cricket, some workers begin to carve it 
up and bring the pieces back to the nest. Oth- 
ers surround the cricket and “gaster flag”: 
They raise their abdomens, extrude a drop of 
alkaloid venom from the stinger, and splat- 
ter or dab it on anything within reach. This 
venom cocktail, which burns and raises pus- 
tules when injected into humans, is a potent 
contact poison for insects (7). Most other ants 
stay away from gaster flagging fire ants. The 
risk of death by venom detracts from the ben- 
efit of the food. Yet, crazy ants charge into 
the defensive ring, spraying a mist of pun- 
gent formic acid. What keeps this battle from 
devolving to a simple war of attrition? 

First, and a bad omen for the fire ants, both 
species coexist in the same South American 
habitats, where crazy ants regularly outcom- 


When old foes meet again. (A) An imported fire ant dispenses venom from its stinger in the direction of a tawny crazy ant. (B) A tawny crazy ant, standing ona 
cricket's leg, detoxifies after conflict with an imported fire ant. 
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pete fire ants (8). A fire ant, when drenched 
with formic acid, has no apparent defense and 
falls over dead (9). In contrast, the crazy ant, 
when dabbed with fire ant venom, will use its 
own weapon as its ultimate defense: It rinses 
itself clean with its own formic acid. LeBrun 
et al. show that 98% of crazy ants survive 
fire ant venom; when they are experimentally 
denied access to their formic acid, survival 
drops to 48%. Moreover, when crazy ants 
competed against eight Texas ant species, 
each of which uses some form of chemical 
defense, the red imported fire ant triggered 
seven times more application of formic acid. 

The authors hypothesize that formic acid 
rinses are an adaptive trait in crazy ants, 
evolved in its native range and employed 
when the two old foes are reunited. But for- 
mic acid rinses don’t seal the crazy ant’s 
advantage. Forty years ago, Bhatkar et al. (9) 
found that the lowly lawn ant Lasius neoniger 
(which also produces formic acid) can groom 
away a dose of fire ant poison; it just loses a 
chemical war of attrition to the more popu- 


lous colonies of the fire ant. Crazy ants can 
achieve worker densities that are 100 times as 
high as those of species in the invaded habitat 
(2). Its antidote gives it the edge. 

Biological control efforts often build on 
the premise that successful invasive species 
have escaped the parasites and predators of 
their native ecosystem (/0). LeBrun ef al. 
make a strong case that the red imported fire 
ant owes its long ride in the American South 
to its escape from a competitor. The crazy ant 
may be the fourth in a sequence of ant species 
that have hit the American Gulf Coast in the 
past century, each replacing the preceding as 
common and pernicious (2). 

Given their ubiquity and impact (/0), 
invasive ant species are model ecological sys- 
tems for studying the many factors that reg- 
ulate populations. As successive invasions 
reconstruct the population interactions of 
a South American ant community in South 
Texas, a logical next step is to search for the 
crazy ant’s Achilles heel. One fruitful avenue 
may lie in evolutionary games of rock-paper- 
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scissors (4), where round robins of toxins and 
antidotes make the competitor of your com- 
petitor your friend. A more basic puzzle in 
our homogenizing world is why some—or 
perhaps all—disruptive invasions eventually 
crash (7, 1). 


References 
1. E.G. LeBrun et al., Science 343, 1014 (2014). 
2. E.G. LeBrun, J. Abbott, L. E. Gilbert, Biol. Invasions 15, 
2429 (2013). 
3. urbanentomology.tamu.edu/ants/rasberry.html 
4. B. Kerr, M. A. Riley, M. W. Feldman, B. J. M. Bohannan, 
Nature 418, 171 (2002). 
5. L. Chao, B. R. Levin, Proc. Natl. Acad. Sci. U.S.A. 78, 
6324 (1981). 
6. G.H. Orians, D. H. Janzen, Am. Nat. 108, 581 (1974). 
7. W.R. Tschinkel, The Fire Ants (Harvard Univ. Press, Cam- 
bridge, 2006). 
8. D.H. Feener Jr. et al., Ecology 89, 1824 (2008). 
9. A. Bhatkar, W. Whitcomb, W. Buren, P. Callahan, 
T. Carlysle, Environ. Entomol. 1, 274 (1972). 
10. D. Simberloff, Invasive Species: What Everyone Needs 
to Know (Oxford Univ. Press, Oxford, 2013). 
11. M. Cooling, S. Hartley, D. A. Sim, P. J. Lester, Biol. Lett. 8, 
430 (2012). 


10.1126/science.1251272 


MATERIALS SCIENCE 


The Surface Mobility of Glasses 
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he diffusion of atoms and mole- 
T cules on a crystal surface plays an 

important role in myriad applica- 
tions including thin-film deposition, sin- 
tering, and heterogeneous catalysis (/, 2). 
Surface diffusion is frequently observed at 
temperatures appreciably below the crystal’s 
melting point, implying a role for enhanced 
surface mobility in the process. However, 
understanding the dynamics of surface dif- 
fusion in glasses is a research area still in 
its infancy. On page 994 of this issue, Chai 
et al. (3) present an experimental technique 
that enables detailed quantification of the 
near-surface mobility of glasses. 

Although enhanced surface mobility was 
found by Chai ef al. as well as by others in 
small-molecule and polymer glasses (4-7), 
there is a noteworthy distinction between 
these and the analogous observations in 
crystals. In crystals, the substrate surface is 
frequently much less mobile than the surface 
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Moving along. Mobile adatoms on a crystal sur- 
face (A) and their counterparts in the surface mobile 
layer of an organic glass (B) and a polymer glass (C). 
The mobile species are shown in red; the less mobile 
bulk-like species are in blue. 


atoms or molecules (see the figure, panel A). 
In glasses, however, the first or several sur- 
face monolayers are molten even below the 
glass transition temperature T,, (where the 
glass freezes), and the change in dynamics 
from the surface is gradual (see the figure, 
panels B and C). The reason for such a dif- 
ference may be that the temperatures com- 
monly used in studies of glass surfaces are 
close to T,. This proximity in temperature is 
attributable to a broad interest in connect- 
ing enhanced surface mobility, if present, 
with the anomalous 7, reduction observed 
in polymer films (8) and, more recently, fast 
organic crystal growth and the formation of 
ultrastable glasses (7). 

Computer simulations have consistently 
revealed the presence of a surface mobile 
layer in glasses (9). Experimental verifica- 
tion has been made only recently. In one 
method, the relaxation time for the flattening 
of nano-dimples created on a polymer sur- 
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Surface diffusion on frozen polymer glasses 
is influenced by the surface dynamics of the 
glass itself. 


face was measured (4). In another, polymer 
films were doped with fluorescent molecules 
whose dynamics are tied to those of the poly- 
mer (6); the relaxation time and relative pop- 
ulation of the component exhibiting faster 
dynamics were measured. However, it is 
generally not straightforward to relate these 
relaxation times to familiar transport mea- 
sures such as mobility or diffusivity. Typi- 
cally, the mobility is determined by monitor- 
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ing the evolution of the surface morphology 
of a specimen and then analyzing the result 
by means of the Navier-Stokes equation (5, 
10) or an equivalent model of fluid flow (7). 
The basic idea is that any nonflat surface 
structure (artificially or spontaneously cre- 
ated) produces pressure gradients that then 
drive the specimen to flow. In the lubrica- 
tion approximation (usually applicable to 
thin-film specimens with thickness less than 
~100 nm), the flow is planar and on average 
parallel to the pressure gradient. The current 
(or flow of fluid) per unit width is propor- 
tional to the pressure gradient and the film 
mobility, which can be used to determine the 
viscosity (5). 

In one example study, the dynamics for 
the Brownian height fluctuations of an equil- 
ibrated film was monitored and modeled 
against that of overdamped surface capillary 
waves (/0). In two others, surface structures, 
either shorter (5) or taller (7) than equilib- 
rium, were created and the dissipative dynam- 
ics toward equilibrium (equivalent to that of 
the former example by the fluctuation-dissi- 
pation theorem) was monitored. To discern 
any anomalous surface mobility, the Navier- 
Stokes equation was solved for a bilayer film 


comprising a mobile layer on top of a bulk- 
like layer. The solution predicts that a cross- 
over from bulk flow to surface flow can occur 
by either decreasing the thickness or lowering 
the temperature. The former has been verified 
by systematically decreasing the thickness 
from 86 to 2 nm (5). 

Chai et al. measured the flattening 
dynamics of a step edge created on the sur- 
face of polymer films with an average thick- 
ness around 100 nm. Upon cooling the films, 
they observed an analogous flow transition 
at T,. A previous experiment (7) studying the 
flattening of surface gratings imprinted on 
micrometer-thick films of an organic glass 
also observed a transition from bulk diffu- 
sion [a mechanism only feasible in thick 
films (2)] to surface diffusion at 7, + 12 K 
upon cooling the films. All these findings 
reinforce the conclusion that surface dif- 
fusion is directly tied to the phenomenon 
of enhanced surface mobility of glasses. 
Indeed, it becomes the dominant transport 
process upon lowering the temperature or 
thinning the specimen. 

It remains unknown whether surface dif- 
fusion is possible for long-chain polymers, 
particularly for those with radii of gyration 


exceeding several nanometers [the thickness 
of the surface mobile region as derived from 
surface relaxation time studies (4, 6), which 
can reveal local motions besides surface 
flow]. Efforts to understand the dynamics of 
these materials will have to incorporate mate- 
rial viscoelasticity in the data analysis, which 
has hitherto been treated sparingly (/ /—/3). 
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CLIMATE CHANGE 


The Tropical Pacific Ocean— 
Back in the Driver's Seat? 


Amy Clement' and Pedro DiNezio” 


verage temperatures at Earth’s sur- 

face are now higher than they were 

in the mid-19th century, but the rate 
of warming has not been steady. A pause in 
surface warming in the mid-20th century 
coincided with increases in the atmospheric 
concentrations of sulfate aerosols, which are 
generally understood to cool the planet. Sur- 
face warming resumed in the 1970s, when 
strong pollution controls were implemented 
in developed countries. Thus, a balance of 
warming by greenhouse gases and cooling 
by aerosols may explain the variable rates 
of surface warming in the past century. A 
pause in global warming since 2000—a 
global warming “hiatus”—has opened up 
new questions about natural and human 
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activity-driven (anthropogenic) 
effects on global mean trends 
in surface temperature. Recent 
studies point to the importance 
of the tropical Pacific in driving 
these changes. 

A range of factors may have 
contributed to the current pause 
in global warming, including 
changes in stratospheric water 
vapor, aerosol concentrations 
(7), and reductions in the Sun’s 
output (2). The quantitative 
influence of these factors is still 
uncertain. However, what is striking about 
the current hiatus is that while many regions 
of the globe have continued to warm, the 
tropical Pacific has been colder than it was 
during the latter part of the 20th century. 

In a recent study, Kosaka and Xie (3) 
showed that by prescribing the cold tem- 
peratures in this region (which represents 
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Persistent cool conditions in the eastern 
tropical Pacific may explain the current 
global warming “hiatus.” 


less that 10% of Earth’s surface), 
their model can simulate the pause 
in global mean temperature since 
2000, even when greenhouse gases 
have been increasing. In another 
climate model study, Meehl et al. 
found that a cold tropical Pacific 
increases the heat stored below the 
ocean surface, thus partially off- 
setting the warming at the surface 
(4). In the latter model, such hiatus 
periods arise as a result of natural 
variations in the climate system, 
implying that future global surface 
temperatures will be marked by periods of 
slowed and accelerated warming as a result 
of naturally occurring cold and warm peri- 
ods in the tropical Pacific. Together, the two 
studies (3, 4) make a compelling case for a 
modulating effect of the Pacific. 

Will these results hold up in other models? 
The answer depends on the Pacific’s natural 
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Oceanic heat sink. Evolution of the ocean heat content (OHC) at several depths of the global ocean between 
1980 and 2011. Since 2000, the subsurface ocean has warmed much faster than in the preceding two decades; 
this ocean warming may explain why average atmospheric temperatures have not risen during the past decade. 
The gray bars show the timing of the El Chichon and Pinatubo volcanic eruptions. The yellow and blue bars 
show the timing of several key El Nifio and La Nifa events. Data from the ORAS-4 ocean reanalysis (20). 


variability, the warming response to green- 
houses gases, and the cooling effect of aero- 
sols —a balance of processes that models may 
not represent accurately. Model-simulated 
climate sensitivity to anthropogenic green- 
house gases ranges from 2° to 6°C warming, 
with some models simulating even higher 
values (5). The potential offsetting effects of 
anthropogenic aerosols are even more uncer- 
tain (6). The simulation of natural decadal 
variability is also highly model dependent, 
with models generally underestimating the 
magnitude of decadal climate variability in 
the Pacific (7). The interaction among these 
processes must be represented accurately in 
a multimodel framework to assess how confi- 
dent we can be in the attribution of the global 
warming hiatus. 

Examining Earth’s energy budget could 
help to determine whether changes in the 
tropical Pacific or in aerosols are the main 
cause of the current hiatus. For instance, 
there is some observational support for the 
hypothesis that the missing anthropogenic 
heat is being stored below the ocean sur- 
face (8), as proposed by Meehl et al. (4). 
Since 2000, the global ocean heat content 
has increased much faster in the thermo- 
cline (between 100 and 700 m) than in the 
deep ocean (below 700 m), whereas the sur- 
face layer (the upper 100 m) has not shown 
much warming (see the figure) (9, /0). 
The changes in the thermocline—which is 
highly responsive to changes in winds— 
are dominated by the Pacific, where stron- 
ger trade winds associated with cold tropical 
sea-surface temperatures may be instrumen- 
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tal for the penetration of the warming below 
the ocean surface (9, /0). Although the path- 
ways and rates at which heat is stored in the 
ocean are still uncertain, these results are 
consistent with what is expected from a cold 
tropical Pacific. 

If indeed the tropical Pacific is central to 
the current hiatus, then it may take a while 
until the Pacific shifts into a warm state and 
global surface temperatures resume their 
upward trend. In the past, warm and cold 
states have lasted for several decades. The 
last cold period from 1945 to 1975 was fol- 
lowed by a warm period from 1976 to the 
end of the 20th century (//). Some authors 
have argued that these decadal changes in 
the Pacific are driven by changes in ocean 
circulation (/2), implying some degree of 
predictability, but others argue that they can 
arise in response to random forcing from 
the atmosphere (/3), with cloud feedbacks 
potentially playing a role in how long the 
cold or warm states linger (/4). The ques- 
tion of what drives decadal changes in the 
Pacific, as well as their predictability, takes 
on new urgency in the context of the current 
hiatus. 

Looking back into the past may help 
to unravel the role of the Pacific Ocean in 
modulating changes in global mean surface 
temperature. For example, the mid-20th- 
century cooling is generally attributed to 
large increases in sulfate aerosols (6), but 
the cold state of the tropical Pacific may 
have played a role as well. It is worth recon- 
sidering the balance of natural and anthro- 
pogenic effects during this period. Large 
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ensembles of climate models run with his- 
torical changes in greenhouse gases and 
aerosols, as well as natural climate forc- 
ings (solar output and volcanoes) (/5), will 
allow this balance to be quantified in mod- 
els. Proxies for past climatic conditions— 
for example, from corals or tree rings—can 
also provide more observations of decadal- 
scale shifts in the tropical Pacific climate 
and help to determine how well climate 
models simulate the range of variability of 
the preindustrial climate (7). 

The current pause in global mean sur- 
face warming has opened new and excit- 
ing research questions about the role of the 
tropical Pacific. A next step is a full attribu- 
tion of the effects of natural and anthropo- 
genic influences on the Earth’s energy bud- 
get. How much of the energy gained at the 
top of the atmosphere is due to greenhouse 
gases, and how much is reflected back to 
space by aerosols and clouds or redistrib- 
uted through the Earth system, in particular 
stored in the ocean? Is it possible to accu- 
rately determine whether aerosols are hav- 
ing an influence on ocean-warming rates 
during the current hiatus? Answering these 
questions will require extensive observa- 
tions and well-tested models to quantify 
the relative influence of greenhouse gases, 
anthropogenic aerosols, and internal vari- 
ability on the Earth’s energy budget. 

Although high-quality observations of 
the radiative fluxes at the top of the atmo- 
sphere and in the upper 2000 m of the ocean 
are available for the period since 2000, their 
estimates of interannual variations in energy 
gains do not agree (/6). This issue needs 
be solved before an attribution of the rela- 
tive roles played by internal variability ver- 
sus anthropogenic aerosols can be made. 
Determining how these rates compare with 
prior periods of global warming for which 
climate-quality observations are limited is 
even more challenging. Furthermore, mod- 
els and reanalysis data suggest that the upper 
700 m of the ocean play a key role storing 
the excess energy during hiatus periods, 
whereas the deep ocean may reflect the lon- 
ger greenhouse gas-driven warming trend. 
To increase the accuracy of ocean heat con- 
tent estimates, it is critical that observational 
capability in the ocean, including arrays of 
autonomous profiling floats and tropical 
moorings, is maintained and expanded. 

Greenhouse gases are warming the 
planet, and will continue to do so. Develop- 
ing a framework for measuring and attrib- 
uting subtle variations in the global energy 
budget—from the top of the atmosphere to 
the depths of the ocean— is one of the out- 
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standing challenges. This research will lead 
to a more complete and dynamic view of 
energy flows within the global Earth system, 
where perhaps the tropical Pacific is indeed 
in the driver’s seat. 
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NEUROSCIENCE 


The Neural Code That 


Makes Us Human 


Yosef Grodzinsky'? and Israel Nelken?* 


peech provides a fascinating window 
into brain processes. It is understood 
effortlessly, and despite a huge variabil- 
ity, manifests both within and across speak- 
ers. It is also a stable and reliable carrier of 
linguistic meaning, complex and intricate as it 
may be. How speech is encoded and decoded 
has puzzled those seeking to understand how 
the brain extracts sense from an ambiguous, 
noisy environment (see the figure). On page 
1006 in this issue, Mesgarani et al. (1) dem- 
onstrate the neural basis of speech perception 
by combining linguistic, electrophysiologi- 
cal, clinical, and computational approaches. 
How do brains use the pattern of pressure 
waves in the air that is speech (“speech-as- 
sound”) and extract meaning (“speech-as- 
speech”) from it reliably, despite huge vari- 
ability between speakers and background 
noise? Studies dating as far back as the 1950s 
showed that natural speech is highly redun- 
dant—speech sounds convey their identity 
by a large number of disparate acoustic cues 
(2). However, to ensure stable cue-to-speech 
translation by brains, an invariant code— 
something like a dictionary of speech units— 
seems necessary. What, then, is the nature of 
the representation of speech units in the brain, 
and how do they combine into larger, mean- 
ing-bearing pieces? 
In the 1930s, linguists Roman Jakobson 
and Nikolai Trubetzkoy classified conso- 
nants and vowels along articulatory dimen- 


1Department of Linguistics, McGill University, 1085 Dr. Pen- 
field Avenue Montréal, Québec H3A1A7, Canada. *Depart- 
ment of Neurobiology, The Alexander Silberman Institute of 
Life Sciences, Hebrew University, Jerusalem, 91904 Israel. 
3The Edmond and Lily Safra Center for Brain Sciences, The 
Hebrew University of Jerusalem, Givat Ram, Jerusalem 
91904, Israel. E-mail: yosef.grodzinsky@mcgill.ca 


Speech perception. How highly variable speech sounds (vow- 
els and consonants) are represented as stable phonetic units in 
the brain has not been clear. Acoustic-to-phonetic transforma- 
tion may involve processing in the superior temporal gyrus of the 
human brain (7). The illustration shows phonetic symbols from 
the International Phonetic Alphabet superimposed on the lan- 
guage regions of the left cerebral hemisphere. 


sions: Their description of the basic units of 
speech recognition referred to elements such 
as the place in the oral cavity where air is 
compressed on its way out (“labial,” “dental,” 
“velar,” etc.), the manner of air release (“plo- 
sive,” “sonorant,” etc.), and whether the vocal 
cords vibrate or not (“voiced,” “unvoiced’’) 
(3). For example, the sound /p/ is a composite 
of features—[+labial, —voiced, +plosive] 
distinguishable from /b/ [+labial, +voiced, 
+plosive] and from /t/ [+alveolar, —voiced, 
+plosive]. Distinctive features, then, help to 
characterize the nature of invariance, while 
systematically grouping speech units in clus- 
ters. These features have therefore played a 
central role in speech recognition research. 
But what actually happens in human brains 
during speech perception, and where? It may 


How does a certain pattern of vibration in 
the air reliably represent a meaningful speech 
sound? 


be that invariance is expressed in 
terms of articulation-related dis- 
tinctive features (as proposed by 
linguists). Invariance may also be 
reflected already in sensory areas; 
alternatively, brain processes may 
achieve invariant representations 
of speech sounds only outside 
the auditory system proper. One 
extreme possibility is that distinc- 
tive features correlate with acous- 
tic ones, in which case the invari- 
ant coding of sounds may already 
occur in sensory areas. At the other 
extreme, as suggested by the influ- 
ential motor theory of speech per- 
ception, speech sounds may well 
be represented by the articulatory 
gestures used to produce them (4). 
A recent form of this view actually 
posits mirror neurons in the brain 
that do precisely that—map sounds 
onto motor actions. In that case, the invariant 
representation of speech would by necessity 
occur in motor areas, outside of the auditory 
system (5). 

Mesgarani et al. recorded responses to 
speech sounds in the brains of human patients 
who were about to undergo brain surgery for 
clinical reasons. These recordings give a more 
detailed view of the electrical activity in the 
human brain than noninvasive methods such 
as electroencephalograms or functional mag- 
netic resonance imaging, although they still 
reflect the average responses of large neuro- 
nal populations. Using these electrical sig- 
nals, the authors demonstrate a high degree of 
invariance of speech representation as early 
as in the human auditory cortex by showing 
that speech sounds of different speakers and 
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in a multitude of contexts nonetheless activate 
the same brain regions. Moreover, invariance 
seems to be governed by articulatory distinc- 
tive features, thereby supporting the 80-year- 
old theory of Jakobson and Trubetzkoy. Inter- 
estingly, features do not have equal neural 
representation, and those that induce strong 
neural invariance have strong acoustic cor- 
relates. Speech representation in the auditory 
cortex, in other words, is governed by acous- 
tic features, but not by just any acoustic fea- 
ture—the features that dominate speech rep- 
resentation are precisely those that are asso- 
ciated with abstract, linguistically defined 
distinctive features. Mesgarani ef al., who 
base their investigation on linguistic distinc- 
tions (6), further demonstrate that features are 
distinguishable by the degree of the neural 
invariance they evoke, forming an order that 
is remarkably in keeping with old linguistic 
observations: Manner of articulation (mani- 
festing early in developing children) pro- 
duces a neural invariance that is more promi- 
nent than that related to place of articulation 
(manifesting late in children). A hierarchy 
noted in 1941 for language acquisition is now 
resurfacing as part of the neural sensitivity to 
speech sounds (7). 

But linguistic communication is based on 
larger pieces than the basic building blocks of 
speech. It also requires rules that create com- 
plex combinations from basic units. Linguis- 
tic combinatorics is therefore an essential part 
of verbal communication, allowing it to be 
flexible and efficient. Here, too, Mesgarani et 
al. offer some clues. They show that sequenc- 
ing processes, particularly those that deter- 
mine voice onset time, tend to be more dis- 
tributed in neural tissue than the rather local- 
ized distinctive features (8, 9). This suggests 
that combinatorial rules that concatenate 
basic elements into bigger units might depend 
on larger, perhaps somewhat more widely dis- 
tributed, neural chunks, than the stored rep- 
resentations of basic building blocks. How 
distributed (and speech-specific) such pro- 
cesses are is not revealed by the Mesgarani et 
al. study, but evidence about the neural speci- 
ficity of language combinatorics at other lev- 
els of analysis does exist: Operations involved 
in building complex expressions—sentences 
with rich syntax and semantics—are rela- 
tively localized in parts of the left cerebral 
hemisphere (and distinct from other combi- 
natorial processes such as arithmetic), even if 
the neural chunks that support them may be 
as large as several cubic centimeters (/0, //). 

Although the study of Mesgarani et al. 
was carried out in English, the findings have 
universal implications. Cross-linguistic evi- 
dence for universal neural representation of 
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higher aspects of linguistic communication 
also exists, at least to some extent (/2, /3). 
These results may suggest a shift in view on 
brain-language relations: from earlier modal- 
ity-based models (/4), we moved to attempts 
to identify the neural code for specific linguis- 
tic units and concatenating operations. This 
move carries the hope that someday, the com- 
plete neural code for language will be identi- 
fied, thereby making good on the promise that 
linguistics be “part of psychology, ultimately 
biology” (75). 
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ANTHROPOLOGY 


Out of Beringia? 
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A shrub tundra refugium on the Bering land bridge may have played a pivotal role in the peopling 


of the Americas. 


ased on the distribution of tundra 

plants around the Bering Strait region, 

Eric Hultén proposed in the 1930s 
that the now-submerged plain between Chu- 
kotka and Alaska—the Bering land bridge— 
became a refugium for shrub tundra vegeta- 
tion during cold periods (/), which include 
the last glacial maximum (LGM) between 
~28,000 and 18,000 cal BP (calibrated radio- 
carbon years before the present). Adjoining 
areas to the west and east supported drier 
plant communities with a higher percentage 
of grasses during glacial periods. According 
to Hultén, when warmer and wetter condi- 
tions returned to these areas, the land bridge, 
which he named Beringia, became a center 
of dispersal for tundra plants. Now it appears 
that it also may have been a glacial refugium 
and postglacial center of dispersal for the peo- 
ple who first settled the Americas. 

Since 1960, much evidence has accumu- 
lated to support the shrub tundra refugium 
thesis, including data collected from the for- 
mer surface of the Bering land bridge. Pollen, 
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plant macrofossils, and insect remains from 
dated sediments extracted from the floor of 
the Bering Sea indicate a mesic tundra habitat 
during the LGM (2, 3). Although pollen data 
from islands in the Bering Sea suggest more 
steppic vegetation (or “steppe-tundra’’), these 
islands represent former upland areas on the 
now-submerged land bridge (see the figure). 
Several tree species, including spruce, birch, 
and alder, also probably survived locally dur- 
ing the LGM (3, 4). Fossil insect remains from 
both sides of the Bering Strait suggest sur- 
prisingly mild temperatures during the cold- 
est phases of the LGM, despite the high lati- 
tude. All of these data presumably reflect the 
impact of the North Pacific circulation, which 
brought comparatively moist and warm air 
to southern Beringia during the LGM (4). In 
fact, the latest study of Beringian vegetation 
indicates that grasses were less dominant in 
areas outside the land bridge than previously 
thought (5). 

The shrub tundra refugium in Beringia 
may also have played a pivotal role in the 
peopling of the Americas. Genetic evidence 
suggests that most Native Americans are 
descended from a population that was iso- 
lated somewhere between northeast Asia and 
Alaska during the LGM (6). According to the 
Beringian standstill hypothesis, this popula- 
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A possible human refugium. Shrub tundra 
is likely to have covered much of the now- 
submerged plain that lies between Chukotka 
and Alaska during the last glacial maximum 
(LGM), reflecting the effect of moist air from 
the North Pacific Ocean. Shrub tundra com- 
munities also probably extended into parts 
of western Alaska and Chukotka, whereas 
drier steppe-tundra covered much of the 
unglaciated landscape that lay outside cen- 
tral Beringia. Pollen studies indicate that 
some trees also probably survived in parts of 
central Beringia during the LGM. These con- 
clusions are based in part on the analysis 
of sediment cores extracted from the sites 
shown on this map (2, 3). The shrub tundra 
zone in central Beringia represents the most 
plausible home for the people who were 
genetically isolated from their Asian parent 
groups during the LGM and later dispersed 
throughout the Americas. 


tion occupied northeast Asia before 
the LGM, became genetically isolated 
from its Asian source during the latter, 
and—following a protracted sojourn 
in Beringia—dispersed throughout the West- 
ern Hemisphere, when retreating glaciers 
opened access to coastal and interior corri- 
dors in northwestern North America (6). 

Hultén’s mesic tundra refugium offers 
not only a credible home for the Beringians 
but also a mechanism for their genetic isola- 
tion, because other high-latitude regions were 
apparently abandoned by human populations 
during the LGM. Wood fuel was probably the 
key variable in determining which regions 
remained occupied. People in interior tree- 
less settings relied heavily on fresh bone, but 
experimental studies have shown that at least 
a modest quantity of wood is necessary to 
render bone practical as a fuel (7). The woody 
shrubs and occasional trees of the Beringian 
shrub tundra zone may have been the only 
substantive source of wood fuel at higher lati- 
tudes during the LGM. 

The Beringian standstill hypothesis was 
first fully articulated in 2007 by Tamm and 
colleagues, who worked with a large sam- 
ple of mitochondrial DNA (mtDNA) from 
living Native Americans. They identified a 
set of mutations that accumulated after the 
divergence of the major haplogroups (A, B, 
C, D, and X) from their Asian parents but 
before the dispersal throughout the West- 
ern Hemisphere. Tamm ef al. concluded 
that ancestral Native Americans were iso- 
lated genetically from other populations 
for a least a few thousand years before the 
dispersal, probably in Beringia. Applying a 
mutation rate of 3.5 x 10° per year per posi- 
tion, they estimated that Asian and Ameri- 
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can mtDNA haplogroups had diverged more 
than 25,000 years ago but that the latter dis- 
persed in the New World less than 15,000 
years ago (6). 

Although the Beringian standstill hypoth- 
esis is based mainly on mtDNA, analyses of 
nuclear (including Y chromosome) DNA pro- 
vide some support for it. Similarly, an allele at 
a microsatellite locus on chromosome 9 in the 
nuclear genome (the D9S1120 locus) is found 
at appreciable frequency in all Native Amer- 
ican populations examined, as well as two 
Northeast Asian populations, but is absent in 
the rest of the world (8). These observations 
strongly suggest an origin froma single source 
population for most Native American popula- 
tions, consistent with the Beringian standstill 
hypothesis. A large survey of nuclear genetic 
variation concluded that initial settlement 
of the Western Hemisphere was followed 
by at least two separate and later population 
movements from Asia (9). Recent studies of 
Y-DNA in both North and South American 
indigenous populations found greater diver- 
sity than previously assumed among the ini- 
tial population, reduced diversity as a func- 
tion of distance from Beringia, and differen- 
tiation of haplogroup Q in Beringia (/0, //). 

To what extent is the Beringian stand- 
still hypothesis supported by archaeological 
data and dated human remains? The analy- 
sis of ancient DNA from human skeletal 
remains dating to 24,000 cal BP from Mal’ta 
in southern Siberia appears to confirm the 
pre-LGM divergence of Native Americans 
from their Asian parent haplogroups (/2). 
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At the same time, dated archaeo- 
logical and human remains indicate 
that settlement of the Western Hemi- 
sphere probably took place after the 
LGM (/3). At this point, the major 
outstanding questions are where the 
standstill population was located dur- 
ing the LGM, and how it was isolated 
genetically from its Asian source. 

The shrub tundra zone in central 
Beringia represents the most plau- 
sible home for the isolated standstill 
population. Although high-latitude 
archaeological sites of LGM age are 
unknown, postglacial submergence of 
the Bering land bridge would explain 
the absence of traces of people con- 
centrated in central Beringia. On the 
other hand, occupation of western 
Beringia before the LGM is well doc- 
umented (/4). The post-LGM archae- 
ological record contains two sets of 
remains, one of which represents a 
movement of people from central 
Siberia into Beringia about 15,000 
cal BP (and may be an archaeological proxy 
for mtDNA subclade D2a) (6,/5). The other 
lacks obvious antecedents in Asia and might 
represent the post-LGM standstill popula- 
tion, expanding out of central Beringia with 
the shrub tundra (75). To confirm the hypoth- 
esis, archaeological sites of LGM age must be 
documented in Beringia. Although most such 
sites presumably would lie underwater, some 
might be found in areas of the LGM shrub 
tundra refugium that remain above sea level, 
such as low-lying portions of southwestern 
Alaska and eastern Chukotka. 
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How Shape Affects Microtubule 
and Nanoparticle Assembly 


Mark J. Stevens 


art of the tantalizing promise of 
P nanoparticles is that they can serve 

as building blocks of complex sys- 
tems that could outperform other mate- 
rials. For example, different structures 
could form depending on the shape of the 
nanoparticles. A stimulus, such as a change 
in temperature or the addition of a small 
molecule, that changes nanoparticle shape 
could create a new structure with a differ- 
ent function. Nature provides a large exam- 
ple set of nanoparticles in the form of pro- 
teins, which can be studied to gain insight 
into shape-dependent assembly. In a recent 
paper, Ojeda-Lopez et al. (1) describe a new 
shape-changing mechanism that dramati- 
cally alters how a protein system assembles. 
The o-f tubulin dimer naturally polymer- 
izes to form microtubules. The authors dis- 
covered that adding a highly charged small 
molecule, spermine, causes a shape trans- 
formation. The tubules assemble within an 
inverted structure compared to that of the 
original microtubules. 

Microtubules, the track along which kine- 
sin motor proteins walk, are a key compo- 
nent underlying cellular transport and cell 
division (2). These functions occur in part 
because of the special properties derived 
from tubulin, which are of interest to general 
polymer physics and to the development of 
synthetic systems, such as ones performing 
nanoscale transport (3). Microtubules assem- 
ble, dissociate, and reassemble in cells, and 
the dynamics of polymerization and depoly- 
merization depends on binding of guanosine 
triphosphate (GTP) and its dephosphoryla- 
tion to guanosine diphosphate (GDP). With 
GTP bound to tubulin, straight growth of the 
tubule occurs, but the transition to GDP alters 
the tubulin geometry, tending to cause fila- 
ments to peel away in arcs, and leads to cata- 
strophic depolymerization. 

Ojeda-Lopez et al. stabilized the micro- 
tubules using taxol. The subsequent addi- 
tion of spermine produced arcs peeling 
away from the tubule, similar to the effect 
of dephosphorylation (see the figure). How- 
ever, the spermine-induced structure is 
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Models of nanoparticle assembly can help 
explain aspects of the inverted structure that 
forms because of induced change in tubulin 
protein shape. 


Reversing microtubules. The basic geometry of a microtubule with one ring peeling away that would form 
the inverted tubulin tubule (ITT) when stabilized by spermine. The red-magenta and blue-cyan cubes repre- 
sent a- and B-tubulin, respectively. The colors show how what was the inside of the microtubule becomes the 
outside of the ITT. In the magnified image, the circular black line indicates that the surface contact is different 
for the tubulin in the ring versus that in the microtubule, implying a change in surface binding and likely a 


shape change. 


an inverted tubulin tubule (ITT)—a spiral 
tubule with tubulin orientation inverted with 
respect to the microtubule orientation. The 
ITT has a larger diameter, 40 nm, versus 
24 nm for microtubules. 

Understanding the formation of this new 
assembly presents many challenges. One is 
that the assembly of microtubules (and more 
generally, the assembly of tubular structures 
from nanoparticles) is not well understood, 
but progress is being made with minimal 
coarse-grained models (4—6). Recent sim- 
ulations have shown how the interactions 
between the monomers influence the protofil- 
ament number or tubule radius and the chiral- 
ity of the tubule (6). The formation of tubules 
from nanoparticles requires binding on both 
their vertical side and lateral sides. Experi- 
mental studies have shown that the vertical 
interaction is stronger than the lateral interac- 
tion. This difference is necessary to prevent 
twist of the tubule, which would yield a wide 
range of structures and not yield the straight 
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filaments present in biologically functional 
microtubules (6). 

The assembly of microtubules from free 
monomers is heavily influenced by this rel- 
ative interaction strength. Because the verti- 
cal interaction is stronger, the tubulin dimers 
first form straight protofilaments via vertical 
binding, and the protofilaments then bind lat- 
erally into curved sheets that close to form 
tubules. In contrast, if the lateral interactions 
were stronger, the tubule would initiate as a 
single spiral that would then continue to grow 
by attaching monomers at the end. In the 
ITT, the laterally bound surfaces of tubulin 
are what had been the vertically bound sur- 
faces in the microtubule. The lateral tubulin 
surfaces (green in the figure) bind together 
to form a curved assembly, whereas in taxol- 
stabilized microtubules, they formed straight 
filaments. In the figure, the cubes represent 
tubulin contact only at the inner edge of the 
lateral surfaces, indicating that the contact 
region changes location in the transition. 


981 


PERSPECTIVES 


982 


These factors imply that the lateral and verti- 
cal surfaces in the microtubules change shape 
to form the ITT structure. 

The inversion assembly involves sperm- 
ine, which is a highly charged +4 cation and 
is strongly attracted to negatively charged 
tubulin. Spermine is a well-known “con- 
denser” of double-stranded DNA (dsDNA) 
into toroids (7). In general, a single dsDNA 
molecule will generically form toroids in the 
presence of counterions of charge at least +3; 
the effect is electrostatic in nature and does 
not require a specific molecular binding (8, 9). 
The high charge is required to make the elec- 
trostatic interactions dominate over entropy. 
Initially, spermine causes the bundle forma- 
tion of the microtubules. For bundles of stiff 
biopolymers (e.g., dsDNA, actin, or microtu- 
bules), only divalent ions are needed (70, //). 

In all these cases, because the counterions 
are localized near the charged polymers, they 
lose a substantial amount of entropy, which 
is compensated enthalpically by the strong 
electrostatic interactions of the multivalent 
ions. In the bundle geometry, the counter- 
ions have more accessible volume and thus 
lose less entropy than in the smaller-volume 
toroidal case. Thus, a lower charge and elec- 
trostatic interaction strength are needed for 
bundles. That the ring formation leading to 


the ITT structure must be induced by highly 
charged spermine suggests that spermine is 
being localized in a small volume, possibly 
between the lateral contacts in the microtu- 
bule, or even undergoes specific binding. 
The work of Ojeda-Lopez et al. brings 
together many aspects of hierarchical assem- 
bly, including strong electrostatics, conforma- 
tional switches, and nanoparticle-nanoparticle 
interactions. How spermine produces the ITT 
structure is still an open and challenging ques- 
tion that involves interactions over multiple 
length scales. The initial interaction between 
spermine and tubulin can be studied with 
atomistic simulations, but any shape change 
in tubulin is a major challenge to simulate. 
Understanding how spermine destabilizes 
taxol-bound microtubules is likely to require 
atomistic detail while also treating dynamics 
on the scale of whole tubulin proteins, which 
is not presently feasible. The path forward for 
simulations is to attack separately at atom- 
istic and coarse-grained scales and to push 
them toward each other. More methodological 
development is needed on the coarse-grained 
side, and there are many opportunities here 
and in other nanoparticle systems. For exam- 
ple, new developments in synthesis are creat- 
ing the patchy nanoparticles whose assembly 
may be easier to understand (/2). Theoretical 


work on patchy particles is providing a funda- 
mental base to study the complex behaviors 
that occur in these systems (/3). While under- 
standing nanoparticle systems is complex and 
very challenging, a foothold for learning the 
right questions is developing. 
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Signaling Shifts in Allergy 


Responses 


Marc Daéron 


ast cells initiate allergic reactions. 
These cells express a receptor 
(FceRI) that binds to immunoglob- 


ulin E (IgE). When antigen binds to recep- 
tor-bound IgE, a wide range of responses 
is triggered that together cause the symp- 
toms of allergy. These include the release of 
enzymes and a variety of bioactive chemi- 
cals from granules, the generation of lipid- 
derived inflammatory molecules, and the 
secretion of multiple cytokines and chemo- 
kines. However, not all responses are equally 
induced. On page 1021 of this issue, Suzuki 
et al. (1) unravel how a difference in the affin- 
ity of antigen favors one response or another 
by switching between intracellular signaling 
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pathways. Quantitative differences in antigen 
affinity thus determine the quality of mast 
cell responses. 

FceRI consists of a subunit (FcRa) 
that binds to the Fe portion of IgE and two 
Immunoreceptor tyrosine-based activation 
motif (ITAM)-containing subunits (FcRB 
and FcRy) that generate activation signals 
when phosphorylated by Src family tyrosine 
kinases (see the figure). Phosphorylation 
occurs when plurivalent allergens (allergy- 
evoking antigens) bind to receptor-bound 
IgE antibodies and aggregate FceRI. 

Antigens bind to IgE antibodies with 
variable affinities. Differences in binding 
affinity translate into differences in bind- 
ing kinetics. Antigens that bind with a low 
affinity indeed dissociate more rapidly from 
receptor-bound IgE than do antigens that 
bind with a high affinity. This is a basis for 


A mechanism that senses antigen affinity 
shifts cell signaling and leads to qualitatively 
different inflammatory responses. 


the “kinetic proofreading” concept, accord- 
ing to which the strength of signals depends 
on the duration of receptor engagement (2). 
Consequently, low-affinity antigens induce 
mast cell responses of a lower magnitude 
than high-affinity antigens. All responses, 
however, are not similarly affected. Unlike 
cytokine secretion, chemokine secretion 
was found to be of a similar or greater mag- 
nitude when induced by low-affinity than 
by high-affinity antigens (3). Suzuki et al. 
explain this behavior, which the kinetic 
proofreading concept does not account 
for, by showing that the affinity of antigen 
selects both the Src kinase and the trans- 
membrane adapter protein that initiates and 
organizes proximal signals in FceRI sig- 
nalosomes, respectively (signalosomes are 
protein assemblies in which activation sig- 
nals are generated). Consequently, different 
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distal signals are generated and genes are 
differentially transcribed. 

Two Src kinases are thought to initiate 
FceRI signaling. Fyn phosphorylates the 
cytosolic adapter Gab2, enabling the recruit- 
ment of phosphatidylinositol 3-kinase (4). 
Lyn phosphorylates FeRB and FcRy ITAMs, 
enabling the recruitment of the tyrosine 
kinase Syk. Syk subsequently phosphory- 
lates the many tyrosines of the transmem- 
brane adapters LAT1 and LAT2 that nucle- 
ate the FceRI signalosome. Although LAT1 
(5) and LAT2 (6) each generate a mixture of 
positive and negative signals, the two adapt- 
ers play antagonistic roles: LAT1 positively 
regulates, whereas LAT2 negatively regulates 
FceRI signaling (7). The molecular basis of 
this antagonism is poorly understood. 

Suzuki et al. compared the effects of a 
high-affinity antigen [dinitrophenyl-capro- 
ate-Fab (DNP)] and of a low-affinity antigen 
[2-dinitrophenyl-caproate-Fab (2NP)] that 
are recognized by the same IgE, at concen- 
trations that induce comparable FceRI phos- 
phorylation in cultured mouse mast cells. As 
expected, DNP triggered more robust Lyn- 
Syk-LAT 1—dependent signals than 2NP, lead- 
ing to an increase in the release of a granular 
enzyme (f-hexosaminidase), the production 
of a proinflammatory lipid (leukotriene C4), 
and the secretion of cytokines (tumor necrosis 
factor and interleukins 6 and 13). By contrast, 
2NP induced more chemokine secretion [che- 
mokine motif ligand (CCL) 2, 3, and 4]. Unex- 
pectedly, LAT2 was more phosphorylated 
upon stimulation by 2NP than by DNP, and 
the adapter colocalized with FceRI. Another 
Src kinase, Fgr, colocalized with FceRI and 
could enhance LAT2 phosphorylation. Che- 
mokine secretion was impaired by either Fgr 
or LAT2 deficiency, whereas degranulation 
was increased. DNP induced passive cuta- 
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neous anaphylaxis (a reaction characterized 
by increased permeability of blood vessels 
in the skin) of a greater magnitude than did 
2NP. Infiltration of the dermis that follows 
passive cutaneous anaphylaxis was enriched 
in neutrophils in response to DNP, but was 
enriched with monocytes and macrophages in 
response to 2NP. Thus, the Src kinases that ini- 
tiate FceRI signaling differentially control the 
use of LAT1 and LAT2, which in turn deter- 
mines the relative abundance of cytokines 
and chemokines that are produced. This ulti- 
mately regulates the cell types that contribute 
to inflammatory reactions. 

Early and late signals triggered by FceRI 
are tightly controlled. Early signals depend 
on antigen affinity through kinetic proof- 
reading. Late signals are controlled by the 
lipid phosphatase SHIP! (8). How SHIP! is 
recruited into FceRI signalosomes is unclear, 
but SHIP! phosphorylation (a consequence 
of its membrane recruitment) increases with 
the concentration of antigen (9). SHIPI- 
dependent negative regulation therefore 
depends on mechanisms that sense the extent 
of FceRI aggregation. Suzuki er al. unravel 
an additional mechanism that controls the 
quality of mast cell responses. Thus, distinct 
mechanisms sense the concentration and 
the affinity of antigen and concur to control 
FceRI-dependent mast cell activation both 
quantitatively and qualitatively. 

FceRI resembles antigen receptors 
expressed by B and T cells, whose signaling 
depends on the affinity of their interaction 
with antigen. Kinetic proofreading may in 
part account for differences in the magnitude 
and in the quality of T (/0) and B (//) cell 
responses. No LAT1-LAT2 shift can occur 
in lymphocytes that express one adapter only 
(LAT1 in T cells, LAT2 in B cells). Many 
other cells besides mast cells, including natu- 
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Receptor discrimination. Allergy-evoking antigens 


(Ag 


), depending on their affinities for IgE antibod- 


ies, can elicit different mast cell responses by cou- 
pling the IgE receptor (FceRI) with different Src fam- 
ily kinases (Lyn and/or Fgr). This results in differential 
use of the adapter proteins LAT1 and LAT2, which pro- 
mote preferentially cytokine- or chemokine-driven 
responses, respectively. 


ral killer cells, macrophages, neutrophils, and 
platelets, express both adapters. All express 
receptors for the Fc portion of IgG (FcyR) 
that use the same ITAM-dependent signaling 
as FceRI when engaged by antigen-antibody 
complexes. Like mast cells, they have a wide 
functional repertoire and they contribute to 
both protective immunity and inflammatory 
diseases. One expects the LAT1-LAT2 bal- 
ance to also control FcyR signaling in these 
cells. The identification of mechanisms that 
affect this balance is a key to understand- 
ing the protective and pathogenic effects 
of immune responses, and consequently 
to designing new therapeutic tools with 
increased efficacy and decreased toxicity. 
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HUMAN RIGHTS 


Many Technologies Still Fall Short 
for People with Disabilities 


Borrowing the motion-sensing technology 
of the Xbox gaming system, researchers at 
Microsoft are developing a sign language 
translator that captures a signing person’s 
movements and translates them into spo- 
ken or written words. An on-screen avatar 
also translates spoken language into sign 
language. 

The device is still in the prototype stage, 
but for deaf and hearing people who need to 
communicate with each other at work or in 
other aspects of their lives, “the implications 
of that are pretty immediate and amazing,” 
said James Thurston, director of Interna- 
tional Accessibility Policy at Microsoft. 

Thurston described this advance at a 
recent AAAS event on disability rights, 
providing a powerful illustration of how 
technology can assist people with disabili- 
ties—and a reminder of how much prog- 
ress remains to be made. Too often, the 
concept of accessibility is considered as an 
afterthought or used in ways that do not 
improve the lives of the people who need 
assistance, said co-panelist Vinton Cerf, 
vice president and chief Internet evangelist 
for Google. 

Using a screen reader to navigate through 
a Web page, for instance, can be awkward 


and frustrating if audible navigation wasn’t 
considered during the site’s design. 

“T consider it to be one of the most ironic 
and almost tragic facts that information 
technology [and] programmable devices 
probably have the most facile capacity to 
adapt to human need for assistance, and yet 
we have not done a very good job applying 
that technology for that purpose,” said Cerf, 
who was the keynote speaker for a plenary 
session at the AAAS Science and Human 
Rights Coalition meeting, on 27 January. 
The 2-day event focused on the intersec- 
tions between the human rights of persons 
with disabilities and the fields of science 
and technology. 

Companies that are developing tech- 
nologies for persons with disabilities are 
not doing it simply out of a desire to help. 
Clearly, there are social responsibility rea- 
sons for providing such technologies, Thur- 
ston said, but “Microsoft looks at it as a 
business opportunity” as well. About 15% 
of the world—approximately the popula- 
tion of China—is dealing with some form 
of disability. 

Market demand has also increased due 
to the aging baby boomer population and 
to the implementation of Section 508, an 


Powerful prototype. Microsoft's Kinect Sign 
Language Translator could become an important 
communication tool, but many other technologies 
have a long way to go before they are truly useful 
for people with disabilities. 


amendment to the U.S. Rehabilitation Act 
that requires the government to develop or 
acquire only accessible technology. The fea- 
tures that make products more accessible are 
now another area over which companies can 
compete, Thurston said. 

Change has come slowly, however. Tech- 
nology developers still need to think more 
about how to integrate accessibility into 
applications early in the process, Cerf said. 
“To imagine that you can just overlay some 
accessibility pixie dust that makes a specific 
application work all right for a person with 
hearing impairment or a person with motor 
problems, I think, is overly optimistic.” 

Cerf praised Microsoft and Apple for 
their efforts in this field and admitted that 
at Google there was room for improvement. 
But he cited one “fundamentally critical” 
effort at his company to train every new 
engineer in accessibility methods. 

Hiring engineers and scientists with dis- 
abilities and unique experiences would also 
benefit technology companies. The AAAS 
Entry Point! program, a partnership with 
government and industry, provides oppor- 
tunities for students with disabilities to con- 
tribute to a diverse workforce. Ninety per- 
cent of alumni pursue graduate studies or 
employment in science or engineering fields. 
Partnerships have included NASA, IBM, 
Merck, Dow Chemical, Lockheed Martin, 
Ball Aerospace, L’Oréal, and university- 
based research programs. 

On the other hand, more or improved 
technology should not be the only focus 
for disability rights, noted Eric Matthews, 
an advocacy associate at Disability Rights 
International, who spoke at the AAAS meet- 
ing about the need to end segregation for 
persons with disabilities. Instead of just 
supplying computers to an orphanage, for 
example, companies, donors, and nations 
should think more about how to use technol- 
ogy to get people out of segregated institu- 
tions and back with their families or placed 
in family-based care in the community. We 
need “to think about the ways that science 
can challenge the need for institutional 
care,” Matthews said. —Sarah Zielinski 
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Solar Synthesis: Prospects 
in Visible Light Photocatalysis 


Danielle M. Schultz and Tehshik P. Yoon* 


Background: Interest in photochemical synthesis has been motivated in part by the realization that 
sunlight is effectively an inexhaustible energy source. Chemists have also long recognized distinctive 
patterns of reactivity that are uniquely accessible via photochemical activation. However, most simple 
organic molecules absorb only ultraviolet (UV) light and cannot be activated by the visible wave- 
lengths that comprise most of the solar energy that reaches Earth’s surface. Consequently, organic 
photochemistry has generally required the use of UV light sources. 


Advances: Over the past several years, there has been a resurgence of interest in synthetic photo- 
chemistry, based on the recognition that the transition metal chromophores that have been so pro- 
ductively exploited in the design of technologies for solar energy conversion can also convert visible 
light energy into useful chemical potential for synthetic purposes. Visible light enables productive 
photoreactions of compounds possessing weak bonds that are sensitive toward UV photodegradation. 
Furthermore, visible light photoreactions can be conducted by using essentially any source of white 
light, including sunlight, which obviates the need for specialized UV photoreactors. This feature has 
expanded the accessibility of photochemical reactions to a broader range of synthetic organic chem- 
ists. A variety of reaction types have now been shown to be amenable to visible light photocatalysis via 
photoinduced electron transfer to or from the transition metal chromophore, as well as energy-transfer 
processes. The predictable reactivity of the intermediates generated and the tolerance of the reaction 
conditions to a wide range of functional groups have enabled the application of these reactions to the 
synthesis of increasingly complex target molecules. 


Outlook: This general strategy for the use of visible light in organic synthesis is already being adopted 
by a growing community of synthetic chemists. Much of the current research in this emerging area is 
geared toward the discovery of photochemical solutions for increasingly ambitious synthetic goals. 
Visible light photocatalysis is also attracting the attention of researchers in chemical biology, materials 
science, and drug discovery, who recognize that these reactions offer opportunities for innovation in 
areas beyond traditional organic synthesis. The long-term goals of this emerging area are to continue 
to improve efficiency and synthetic utility and to realize the long-standing goal of performing chemi- 
cal synthesis using the sun. 
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Visible light photocatalysis. (A) Transition metal photocatalysts, such as Ru(bpy),”*, readily absorb visible 
light to access reactive excited states. (B) Photoexcited Ru*(bpy),* can act as an electron shuttle, interacting 
with sacrificial electron donors D (path i) or acceptors A (path ii) to yield either a strongly reducing or oxidizing 
catalyst toward organic substrates S. Ru*(bpy),”* can also directly transfer energy to an organic substrate to yield 
electronically excited species (path iii). bpy, 2,2'-bipyridine; MLCT, metal-to-ligand charge transfer. 
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Solar Synthesis: Prospects 
in Visible Light Photocatalysis 


Danielle M. Schultz and Tehshik P. Yoon* 


Chemists have long aspired to synthesize molecules the way that plants do—using sunlight to 
facilitate the construction of complex molecular architectures. Nevertheless, the use of visible 
light in photochemical synthesis is fundamentally challenging because organic molecules tend not 
to interact with the wavelengths of visible light that are most strongly emitted in the solar 
spectrum. Recent research has begun to leverage the ability of visible light—absorbing transition 
metal complexes to catalyze a broad range of synthetically valuable reactions. In this review, 

we highlight how an understanding of the mechanisms of photocatalytic activation available to 
these transition metal complexes, and of the general reactivity patterns of the intermediates 
accessible via visible light photocatalysis, has accelerated the development of this diverse 


suite of reactions. 


versary of a now-famous article titled “The 
photochemistry of the future,” in which 
the pioneering chemist Giacomo Ciamician chal- 
lenged the scientists of his day to imagine a chem- 
ical industry that could synthesize chemicals in 
the same manner that plants do—by using sun- 
light as a safe, inexpensive, abundant, and re- 
newable source of chemical potential (/). In the 
past several decades, chemists have made re- 
markable strides toward increasingly efficient 
conversion of solar energy into electricity and 
chemical fuels (2, 3). The use of solar energy 
in the synthesis of value-added, structurally com- 
plex organic compounds has, however, been con- 
siderably less well investigated, and Ciamician’s 
grand vision has yet to be fully realized (4, 5). 
The photochemical synthesis of complex or- 
ganic molecules is challenging for several rea- 
sons. First, organic molecules tend to absorb only 
photons in the ultraviolet (UV) region that are 
not abundant in the solar radiation that pene- 
trates the atmosphere (Fig. 1). This has con- 
strained the rate of development in large-scale 
industrial photochemical synthesis, because energy- 
efficient sources of UV light have only recent- 
ly become available. Moreover, UV photons are 
quite high in energy, on the order of a C-C 
bond, and can cause considerable unproductive 
decomposition reactions to occur, particularly 
when relatively weak bonds are present or when 
the target compounds possess substantial struc- 
tural complexity. There are many notable exam- 
ples of classic syntheses of complex targets that 
use photochemical key steps, but photochemical 
synthesis as a whole has long been considered 
to be the purview of a small community of spe- 
cialists rather than a core component of the stan- 
dard synthetic repertoire (6, 7). 


T= year 2012 marked the centennial anni- 
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Recently, there has been a dramatic renais- 
sance of interest in photochemistry among syn- 
thetic organic chemists. This development has 
been inspired in large part by the recognition 
that the same transition metal complexes that 
have been so productively used to convert sun- 
light to electrochemical potential can also be 
used to catalyze useful and unique organic re- 
actions that are initiated by visible light irra- 
diation (8, 9). 

The objective of this review is to explain the 
features of visible light photocatalysis that have 
captured the attention of synthetic chemists. First, 
we will briefly outline the diverse mechanisms 
by which transition metal photocatalysts can be 


solar spectrum 


infrared 
(53%) 


intensity 


rt /\ 


used to activate organic compounds toward sub- 
sequent transformations. Then, we will show that 
transition metal photocatalysts have been used 
to generate a wide range of highly reactive inter- 
mediates (radicals, amine radical cations, radical 
ions, and triplet alkenes), each of which display 
distinctive patterns of reactivity that can be used 
to access different classes of complex organic 
structures. 


Mechanisms of Visible Light Photocatalysis 


A wide variety of transition metal complexes 
with varying photochemical properties have been 
examined as photocatalysts for synthetic appli- 
cations. The majority of these have been ruthe- 
nium and iridium complexes, although copper 
and gold species have also recently been investi- 
gated in this context (/0, 17). Figure 2 summarizes 
the key photochemical properties of Ru(bpy);”” 
(bpy is 2,2’-bipyridine) (1), the most well-studied 
transition metal complex in the context of both 
synthetic photocatalysis as well as solar ener- 
gy conversion. This complex exhibits a strong, 
broad absorbance in the visible range that results 
in the production of a long-lived excited state 
(2;,.29). 

This photoexcited complex is both a stronger 
oxidant and a stronger reductant than its cor- 
responding ground state; remarkably, both electro- 
chemical potentials lie within a range that can 
perform useful chemical work. Thus, photoacti- 
vation of 1 has most commonly been used to 
drive processes initiated by single-electron trans- 
fer. This property of 1 has been instrumental 
in the development of many strategies for the 
conversion of solar energy into electricity and 
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Fig. 1. Converting solar energy into chemical potential. Certain transition metal complexes 
are strong absorbers of visible light and can thereby harness solar energy for chemical synthesis, 
particularly by driving radical-mediated transformations from their photoexcited states. Solar spectrum 


adapted from (73). 


1239176-1 


REVIEW 


into electrochemically generated chemical fuels 
(/4—-16). In the context of organic synthesis, 
Ru*(bpy)3”" can initiate the one-electron reduc- 
tion of a variety of electron-deficient substrates, 
or it can effect the one-electron oxidation of 
electron-rich substrates. In other words, the 
photoinduced electron-transfer properties of 1 can 
easily be coupled to electrochemically induced 
transformations of organic molecules (Fig. 2B, 
paths a and b). 

Alternatively, Ru*(bpy)3** can directly trans- 
fer energy to a suitable organic substrate (Fig. 
2B, path c) (/2). The resulting electronically ex- 
cited organic compound reacts quite differently 
than it would in the ground state. These high- 
energy intermediates are often useful for reactions 
that construct strained or otherwise structural- 
ly unusual molecular scaffolds that are diffi- 
cult to assemble by nonphotochemical means 
(17, 18). 

Many terms have been used to describe these 
various modes of photochemical activation. The 
photoactivation of organic molecules by electron- 
transfer processes has been variously referred 
to as photoinduced electron-transfer (PET) sen- 
sitization or, more recently, as photoredox catalysis. 
Similarly, the indirect generation of electronically 
excited states of organic substrates has been called 
photosensitization or energy-transfer photocatal- 
ysis. We prefer to use the blanket term “photo- 
catalysis” to describe both modes of activation, 
because the unambiguous determination of the 
mechanism of a photochemical reaction can be 
challenging and the use of a single term highlights 
the similarities between these two approaches to 
photochemical synthesis (/9). 


Photogeneration of Organic Radicals 

Much of the activity in visible light photocatalysis 
over the past 5 years has concerned reactions 
of photogenerated organic radicals (Fig. 3A). 
The photocatalytic reductive dehalogenation of 
a-haloketones with dihydroacridine in the pres- 


1 
Ru(bpy)32* 


Common features: 


ence of 1 was first described by Fukuzumi in 
1990; the key intermediate in this transforma- 
tion is a highly electrophilic a-ketoradical gener- 
ated by reduction of the bromide by photoexcited 
Ru*(bpy)3"* (Fig. 3B) (20). This strategy for the 
photoreductive generation of highly reactive 
radical intermediates from alkyl halides is an in- 
triguing complement to more-established methods 
for the production of carbon-centered radical 
species; in particular, many of the most common 
methods for the thermal formation of organic 
radicals involve highly toxic tin or pyrophoric 
boron compounds (2/). Therefore, the ability 
to access the diverse reactivity of electrophilic 
radicals via visible light activation is highly 
attractive. 

The synthetic potential of this method for 
photochemical radical generation was not fully 
recognized until 2008, when it was exploited 
by MacMillan to develop an enantioselective 
a-alkylation of aldehydes with organocatalyst 4 
(shown in Fig. 3C) (22). This transformation is 
built on MacMillan’s long-standing interest in 
enantioselective reactions of achiral aldehydes 
involving the in situ formation of chiral enamines 
by condensation with secondary amine organo- 
catalysts (23—25). MacMillan showed that a range 
of a-ketoradicals, generated from the photoreduc- 
tion of a-halocarbonyl compounds with 1, reacts 
efficiently and with excellent stereocontrol with 
chiral enamines. Although this initial work focused 
on the formation of radicals from o-haloketones 
and o-haloesters, MacMillan has since reported 
conditions for the formation of highly electro- 
philic benzyl and trifluoromethyl radicals from 
the corresponding alkyl halides as well (26, 27). 

The direct enantioselective catalytic o-alkylation 
of carbonyl compounds is synthetically highly use- 
ful. An arguably broader impact of MacMillan’s 
initial report was the demonstration that photo- 
catalytic reduction of alkyl halides can be used 
to access the general complexity-building reac- 
tivity of electrophilic organic radicals. This strat- 


Strong visible absorption 
Long excited state lifetime 


Stability under photolytic conditions 


Fig. 2. Visible light photocatalysis. (A) Ruthenium and iridium complexes, 
such as 1 to 3, readily absorb visible light and can mediate numerous 
photochemical transformations (12, 13). (B) Photoexcited Ru*(bpy)s 
can act as an electron shuttle, interacting with sacrificial electron donors 
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egy has subsequently been exploited by many 
research groups and has resulted in the devel- 
opment of a diverse range of new chemical trans- 
formations. For example, Stephenson used the 
reductive dehalogenation of activated alkyl and 
aryl halides to effect photocatalytic alkylation 
of heteroarenes (28). This is an exceptionally 
mild and convenient method to construct an im- 
portant bond type, and Stephenson demonstrated 
its utility in the context of the total synthesis of 
the cytotoxic indole alkaloid (+)-gliocladin C 
(Fig. 3D) (29). 

The generation of a wide variety of alkyl and 
aryl radicals by photoreduction of the corre- 
sponding halides has been a consistent theme of 
Stephenson’s research program (30). An impor- 
tant general feature of this work, and indeed of 
many of the recent reactions involving photo- 
redox catalysis, is the ready availability of a large 
number of known photoactive transition metal 
complexes with well-characterized photochem- 
ical and electrochemical properties. Thus, more 
strongly reducing photocatalysts can be used 
to compensate for organohalide substrates that 
are more difficult to reduce than a-haloketones. 
Stephenson applied iridium complex 2, which is 
a significantly more strongly reducing photo- 
catalyst than 1, in the reduction of simple alkyl 
and aryl iodides and showed that they partici- 
pate in synthetically powerful radical cyclization 
and dehalogenation processes (Fig. 3E) (3/). 

The utility of photocatalytic radical reactions 
has also been recognized in applications beyond 
small-molecule synthesis. Recently, Hawker re- 
ported an efficient method for photocatalytic 
atom-transfer radical polymerization (ATRP) 
that enables the light-controlled synthesis of 
poly(methylmethacrylate) polymers with 2 (32) 
(Fig. 4A). This reaction showed the same high 
practical convenience, functional group tolerance, 
and living nature as other conventional methods 
for ATRP. However, in contrast to standard 
copper-initiated reactions, Hawker’s method is 
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D (path a) or acceptors A (path b) to yield either a strongly reducing or a 
strongly oxidizing catalyst toward organic substrates S. Ru*(bpy)37* can 
also directly transfer energy to an organic substrate to yield electronically 
excited species (path c). 
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subject to a high degree of temporal control; polym- 
erization occurs only under constant irradiation 
with visible light, but chain growth can be re- 
initiated after several hours in the dark without 
loss of the living nature of the polymerization. 
Moreover, this approach provides a route for 


block copolymer synthesis, because turning off 
the light source allows a new monomer to be 
introduced and incorporated into the growing 
chain upon reapplication of the light source. 
Photogenerated electrophilic radicals have also 
proven to be important in the development of re- 
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actions involving organometallic species. Sanford 
recently reported new methods for Pd-catalyzed 
C-H functionalization of arenes and Cu-catalyzed 
trifluoromethylation of organoboronic acids 
(Fig. 4B) (33, 34), both of which rely on 1 to 
generate the key electrophilic radical from 
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Fig. 3. Photoreduction of alkyl halides for radical reactions. (A) Photo- 
excited ruthenium or iridium complexes can reduce electron-deficient alkyl 
halides to radical ions that readily undergo fragmentation to an electrophilic 
organic radical. (B) This reactivity was first explored by Fukuzumi in the 
dehalogenation of o-halocarbonyl compounds (20) and later revisited by 
MacMillan (C) in the context of an asymmetric o-alkylation of aldehydes 
through the merging of photo- and organocatalysis (22). (D) The generation 


Me 


of radicals through visible light photoreduction of alkyl halides is mild 
and selective, as demonstrated in the synthesis of (+)-gliocladin C (29). 
(E) The range of alkyl and aryl halides susceptible to photoreduction can be 
extended by tuning the photoelectrochemical properties of the catalyst (30). 
Acr-H2, 9,10-dihydro-10-methylacridine; Boc, tert-butyloxycarbonyl; Bu, butyl; 
Cbz, carbobenzyloxy; Et, ethyl; LED, light-emitting diode; Me, methyl; Ph, phenyl; 
t-Bu, tertiary-butyl. 
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Fig. 4. Applications of photocatalysis in polymerization and organo- 
metallic chemistry. (A) The ability to temporally control radical for- 
mation under photocatalytic conditions has important benefits in ATRP 
reactions (32). Turning off the light source halts polymerization to allow a 


www.sciencemag.org SCIENCE VOL 343 28 FEBRUARY 2014 


new monomer to be added (monomer B) before polymerization is reini- 
tialized. (B) Likewise, photogenerated radical species can be intercepted 
with either copper or palladium organometallic complexes in cocatalytic 
transformations (33, 34). Ar, aryl; Bn, benzyl; OAc, acetate. 
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photoreduction of an aryl diazonium salt or from 
CF3I, respectively. These radicals are proposed 
to interact with an organometallic intermediate to 
promote the formation of new C-C bonds. 

The ability of photocatalysts to generate or- 
ganic radicals by selective reduction of carbon- 
halogen bonds has thus already had a substantial 
impact in the area of radical chemistry. Many 
known, synthetically valuable radical reactions can 
be conducted under exceptionally mild, tin-free 
conditions by exploiting the ability of transition 
metal photocatalysts to generate radical species 
by photoinduced electron transfer. 


Photocatalytic Activation of Amines 


Amines are common additives in visible light pho- 
tocatalysis and are generally used as reductants. 
They assist catalysis either by directly reducing 
the photoexcited Ru*(bpy);”" catalyst to generate 
an even more strongly reducing Ru(bpy)3° com- 
plex or by tuning over the oxidized Ru(bpy);** 


photocatalyst after a direct substrate-reduction 
step (Fig. 2). Several recent reviews have de- 
scribed both mechanisms in detail; however, in 
either scenario, the amines have generally been 
sacrificial or catalytic co-reductants in photo- 
redox processes that are not themselves incor- 
porated into the synthetic target (8, 35). 
Motivated by the important role that nitrogen- 
containing compounds play in the chemistry of 
bioactive small molecules, researchers have re- 
cently explored the amine radical cations gen- 
erated by photocatalytic one-electron oxidation of 
tertiary amines as substrates for synthetic mod- 
ification (36). One of the most characteristic 
features of amine radical cations is an observed 
increase in the acidity of the C-H bond adjacent 
to the nitrogen, deprotonation of which results 
in the formation of nucleophilic o-amino radicals 
that are capable of reacting with a diverse range 
of electrophilic reaction partners (37) (Fig. 5A). 
The net result of this type of transformation 


can be viewed as a photochemically induced C-H 
functionalization of the o-position of amines, an 
important reaction that has been a long-standing 
synthetic challenge (38, 39). 

For example, Pandey and Reiser described the 
radical functionalization of nitrogen-containing 
heterocycles using this approach (40). A variety 
of tetrahydroisoquinolines readily undergoes pho- 
tooxidation by either 1 or Ir(ppy),(dtbbpy)* (ppy 
is 2-phenylpyridine; dtbbpy is 4,4’-di-tert-butyl-2,2'- 
bipyridyl) (5); the resulting amine radical cation 
undergoes facile deprotonation to produce the 
corresponding a-amino radical, which was shown 
to participate in C-C bond-forming additions 
to a variety of enone electrophiles in good yields 
(Fig. 5B). Our laboratory has also studied this 
transformation, and we reported a mechanistic 
analysis of this reaction that verifies the nucleo- 
philic nature of the intermediate radical and shows 
that this reaction can be accelerated by Bronsted 
acid cocatalysts (4/). 
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Fig. 5. Diverse reactivity of a-amino radical cations. (A) Tertiary amines 
readily undergo photooxidation to yield a highly versatile amine radical 
cation intermediate, which can be transformed into a nucleophilic (a-amino 
radical) or electrophilic (iminium ion) species. (B) Pandey and Reiser were 
able to functionalize tetrahydroisoquinolines through the formation of 
an a-amino radical that readily intercepted various electrophiles (40). (C) 
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Through the use of a more strongly reducing iridium photocatalyst (2), 
MacMillan and co-workers were able to intercept a-amino radicals with 
cyanoarenes, overall providing a route for o-acylating amines (42). (D) De- 
pending on the reaction conditions, o-amino radicals can undergo further 
oxidation to electrophilic iminium ions that can subsequently be trapped 
with nucleophilic reagents (43). 
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MacMillan reported a more complex ap- 
plication of this reactivity to enable the photo- 
catalytic a-arylation of tertiary amines by using 
electron-deficient cyanoarenes (Fig. 5C) (42). 
The proposed mechanism involves initial photo- 
reduction of the cyanoarene component by pho- 
toexcited 2, coupled with a subsequent oxidation 
of the amine. Deprotonation of the amine radical 
cation affords an a-amino radical, which com- 
bines with the arene radical anion to expel cy- 
anide and produce the o-arylated amine. The 
scope of this reaction with respect to both the 
tertiary amine and the cyanoarene proved to be 
quite broad, enabling the synthesis of an impor- 
tant class of structures commonly found in bio- 
active compounds. 

The photooxidation of amines has also been 
used to produce iminium cations, which result 
formally from a second one-electron oxidation 
of the a-amino radicals discussed above. These 
iminium cation intermediates are strong electro- 
philes that provide reactivity complementary to 
the nucleophilic reactions of a-amino radicals. 
Stephenson reported a method for aerobic photo- 
catalytic oxidation of tetrahydroisoquinolines in 
nitromethane solvent using 5; under these con- 
ditions, the iminium cation is trapped by the solvent 
to afford the product of formal C—H functional- 
ization of the benzylic position adjacent to the 
amine (43) (Fig. 5D). Subsequently, Stephenson 
found that a broader range of nucleophiles could 
be added to these iminium cations in a two-step 
process involving BrCCl, as a terminal oxidant 
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Fig. 6. Unique reactivity of photogenerated radical ions. Radical ions 
are underused reactive intermediates that can participate in otherwise inacces- 
sible bond formations. (A) Yoon has demonstrated that the photocatalytic 
activation of enones produces radical anions that readily participate in [2+2] 
cycloadditions to afford cyclobutane products that are not generated upon UV 
irradiation (59). (B) Likewise, the photooxidation of electron-rich styrenes yields 
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(44). Under these conditions, the tetrahydro- 
isoquinolines could be substituted with a variety 
of carbon-based nucleophiles, including copper 
acetylenes, silyl enol ethers, allyl silanes, and 
electron-rich heteroarenes. 

Depending on reaction conditions, the same 
family of transition metal photocatalysts has thus 
been used to generate both nucleophilic o-amino 
radicals and highly electrophilic iminium cations, 
and the variety of reactions accessible via photo- 
chemical formation of these intermediates is con- 
sequently quite broad (45, 46). Moreover, the 
ability to rapidly modify the environment around 
an amine holds particular promise in the discoy- 
ery of structurally complex new bioactive com- 
pounds, because nitrogen-containing functional 
groups are very often important in the binding 
of a small molecule to a biological target (47). 


Photogenerated Radical lons 


Compared with the chemistry of neutral organic 
radicals and amine radical cations, reactions that 
exploit the reactivity of alkene radical ions have 
enjoyed substantially fewer applications in or- 
ganic synthesis (48-50). The most common 
methods for the generation of these reactive in- 
termediates have involved either stoichiometric 
heavy metal oxidants (5/—53) or electrochem- 
ical activation (54, 55), which may explain some 
of the reluctance of chemists to fully explore 
the synthetic potential of these reactions. Never- 
theless, radical ion intermediates exhibit reac- 
tivity profiles that are quite distinctive; reactions 
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involving these charged odd-electron species 
can result in the formation of products that are 
difficult to assemble by any other means. 
Our group has been particularly interested 
in exploring cycloaddition reactions of alkene 
radical ion intermediates, given the efficiency 
with which this class of reactions can construct 
stereochemically and structurally complex car- 
bocyclic structures from readily available start- 
ing materials (56, 57). In 2008, we demonstrated 
that aryl enones are readily reduced to the corre- 
sponding radical anions upon irradiation in the 
presence of 1; these photogenerated interme- 
diates can then participate in efficient [2+2] in- 
tramolecular cycloaddition reactions (58). The 
extension of this method to intermolecular cyclo- 
additions took advantage of the ability to se- 
lectively reduce aryl enones in the presence of 
less-conjugated Michael acceptors; thus, high 
selectivity for crossed [2+2] cycloadducts could 
be achieved for reactions with unsaturated ke- 
tones, esters, and thioesters, providing an approach 
to the synthesis of a broad range of unsymmet- 
rically substituted cyclobutanes (Fig. 6A) (59). 
The same crossed [2+2] cycloadditions could 
not be effected by direct photoexcitation with 
UV light, because the electronically excited triplet 
enones preferentially undergo alkene isomerization 
processes rather than productive cycloaddition. 
Inspired by the ease with which radical anions 
can be generated by visible light photocatalysis, 
we have also explored other new reactions involv- 
ing these reactive intermediates. For example, 
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anti-Markovnikov 
product 


an electron-deficient radical cation that undergoes facile [4+2] cycloaddition 
with an electron-rich diene, a reaction that is disfavored under thermal condi- 
tions (62). (C) Radical ion intermediates also afford products with atypical 
atom connectivities, such as the exclusive formation of the less common anti- 
Markovnikov product under photochemical conditions (63). i-Pr, iso-propyl; 
Mes, mesityl; n-Bu, normal-butyl; OTf, trifluoromethanesulfonate. 
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we recently reported that aryl cyclopropyl ketones 
can engage in [3+2] cycloadditions via formation 
of radical anion intermediates (60). This reaction 
involves the photoinduced reduction of the aryl 
cyclopropyl ketone moiety followed by fragmen- 
tation to afford a distonic radical anion. This 
intermediate undergoes a series of subsequent 
intramolecular bond-forming reactions with a 
pendant alkene to afford cyclopentane products 
in good yield. 

The ability of photoactive transition metal 
complexes to promote both oxidation and reduc- 
tion processes has also enabled the development 
of photocatalytic cycloadditions involving al- 
kene radical cations. The scope of these reactions 
is complementary to that of radical anion reac- 
tions; one-electron oxidations are most facile with 
electron-rich alkenes. For example, electron-rich 
styrenes undergo facile one-electron photooxi- 
dation in the presence of ruthenium photocatalysts. 
We showed that the resulting alkene radical cat- 
ions undergo efficient [2+2] cycloaddition with 
a variety of alkene partners to afford cyclobu- 
tane products with high diastereoselectivity (67). 

[4+2] Cycloadditions of electron-rich alkenes 
can also be promoted by one-electron photooxi- 
dation (Fig. 6B) (62). These reactions provide 
a valuable alternative to thermal Diels-Alder 
cycloaddition reactions, which have been ap- 
plied to the synthesis of complex carbocyclic 
organic structures for decades. In particular, 
thermal [4+2] cycloadditions generally proceed 
efficiently only when one component of the re- 
action is electron-rich and the other is electron- 
deficient such that the frontier molecular orbitals 
are close in energy; cycloadditions between two 
electron-rich partners are generally quite slow. 
However, one-electron oxidation of electron-rich 
styrenes using Ru(bpz)3”" [bpz is 2,2'-bipyrazine] 
(3) reverses their electronic character and results 
in the generation of intrinsically electron-deficient 
radical cations. These can subsequently undergo 
rapid [4+2] cycloaddition with simple dienes to 
afford the formal products of electronically mis- 
matched Diels-Alder cycloadditions. Predictably, 


A = 5, 
A 
singlet X 
state (S;) 4 
ISC ! 
triplet ao ee Ty 
state (T;) —— photoexcited 
i substrate 
hv energy 
Q transfer i 
aN 
ground So 
State (So) photocatalyst substrate 


Fig. 7. Visible light photocatalyzed triplet sensitization. (A) Visible light— 
induced energy-transfer sensitization involves coupling the generation of an 
electronically excited organic substrate to the relaxation of a photoexcited transi- 
tion metal chromophore (22). (B) Iridium catalyst 8 mediates the facile [2+2] 
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under forcing thermal conditions no [4+2] cyclo- 
addition is observed, further highlighting the unique 
reactivity accessible through photogenerated rad- 
ical ion intermediates. 

Nicewicz has also investigated new reactions 
of photogenerated alkene radical cations, focus- 
ing on the addition of alcohols to olefins to form 
heterocyclic products (Fig. 6C) (63). This type 
of bond construction commonly relies on acid 
catalysts, such as 6, that direct bond formation 
to the most substituted carbon of the alkene to 
yield the Markovnikov product. However, in 
Nicewicz’s work, the cyclization process is pro- 
moted via photooxidation by a mesityl-substituted 
acridinium salt 7 originally reported by Fukuzumi 
(64, 65). This organic photocatalyst has many of 
the same properties as ruthenium and iridium 
complexes, including strong visible light absorp- 
tion and a long excited-state lifetime, but its photo- 
excited state is sufficiently oxidizing to react with 
trisubstituted aliphatic alkenes (65, 66). The result- 
ing alkene radical cations can undergo nucleophilic 
attack by a tethered alcohol; however, because 
of the polarization of the radical cation, the regio- 
selectivity complements that of acid-catalyzed 
reactions and results in the exclusive formation of 
the anti-Markovnikov addition product. Nicewicz 
has also reported the same regioselectivity in ad- 
ditions of nitrogen nucleophiles to these rad- 
ical cations (67). Although many methods for 
the Markovnikov functionalization of alkenes 
are known and widely exploited in synthesis, 
few methods for the direct anti-Markovnikov 
addition of nucleophiles to olefins have been 
reported (68). Thus, the chemistry of photogen- 
erated radical cations offers a solution to a long- 
standing problem of great synthetic importance. 


Triplet Alkenes 

Almost all of the recent investigations in visible- 
light photocatalysis have involved photoredox 
processes that activate a variety of organic sub- 
strates by single-electron oxidation or reduc- 
tion. Thus, the success of these reactions depends 
on the relative electrochemical properties of the 
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substrates and photoexcited catalysts; reactions 
involving thermodynamically unfavorable electron- 
transfer processes are unlikely to occur at efficient 
rates. However, the transition metal complexes 
that have proven to be so powerful in the de- 
velopment of photoredox reactions can also be 
involved in energy-transfer processes that gen- 
erate highly reactive organic molecules in elec- 
tronically excited states. In these cases, successful 
activation depends on the relative triplet-state en- 
ergies of the catalyst and substrate and not on 
redox potentials (Fig. 7A). 

For instance, our group recently reported that 
styrenes undergo efficient [2+2] cycloaddition 
via energy transfer when irradiated in the pres- 
ence of the iridium complex 8 (Fig. 7B) (69). 
This method involves the formation of elec- 
tronically excited styrenes in their triplet state, 
which undergo [2+2] cycloaddition reactions 
that are superficially similar to the radical cation 
reactions discussed in the previous section. How- 
ever, because the mode of substrate activation 
involves energy transfer rather than electron trans- 
fer, the scope of styrenes that participate in this 
reaction is considerably broader. Highly electron- 
deficient styrenes and heterostyrenes that can- 
not be easily photooxidized nevertheless undergo 
facile cycloaddition. 

This alternative approach to visible light photo- 
catalysis is intriguing because it offers convenient 
access to the reactivity of organic compounds in 
electronically excited states by using photons of 
much lower energy than those required for di- 
rect photoexcitation. In the absence of sensitiza- 
tion, short-wavelength UV photons are required 
to excite simple styrenes to a singlet state (black 
dashed line in Fig. 7A), which then relaxes to the 
triplet. Because the excited singlet state is more 
energetic (~115 kcal/mol) than many common 
bonds found in organic molecules, including C—C 
bonds, reactions requiring irradiation with these 
high-energy UV photons often suffer from com- 
petitive homolytic photodecomposition processes. 
Therefore, triplet sensitization using transition 
metal photocatalysts that are photoexcited with 
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cycloaddition of styrenes (69). Triplet sensitization provides a means to access inter- 
esting and highly strained cyclobutane frameworks that are prevalent in natural 
products and would be difficult to construct through other methods. dF(CF3)ppy, 
2-(2,4-difluorophenyl)-5-trifluoromethylpyridine; ISC, intersystem crossing. 
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lower-energy visible light provides access to the 
reactivity of electronically excited alkenes that 
are less susceptible to photoinduced degrada- 
tion. For example, the cyclobutane cannabanoid 
cannabiorcicyclolic acid can be synthesized by 
using a clean, high-yielding [2+2] cycloaddition 
under photocatalytic conditions. Direct irradia- 
tion with UV light, however, results in substan- 
tial photodecomposition of the product after 
5 hours, and only 19% yield of the cycloadduct 
is formed along with 9% of unreacted starting 
material. 


Conclusions and Outlook 


Synthetic organic chemistry benefits greatly when 
it can incorporate developments from intellectu- 
ally adjacent disciplines to advance. For instance, 
organotransition metal chemistry, biocatalysis, 
and computational chemistry have all been rap- 
idly adopted and are now tools used by synthetic 
chemists on a routine basis. Photochemistry has 
the potential to have an equally substantial impact 
on the field of chemical synthesis by providing 
a complementary strategy for the activation of 
organic substrates; the prospect of doing so with 
renewable solar radiation has motivated photo- 
chemists for over a century and seems increasingly 
relevant as the chemistry community becomes 
more cognizant of its environmental responsibil- 
ities. The growing recognition that operationally 
facile visible light-induced photochemical reac- 
tions can be conducted by using transition metal 
photocatalysts is bringing us closer to this long- 
standing goal. 

The pace of development in this area has been 
remarkable. Recent research in visible light photo- 
catalysis has yielded a generalizable rubric for 
how organic substrates can undergo photoactiva- 
tion by transition metal complexes. Both electron- 
transfer and energy-transfer photocatalysis have 
been used to generate classes of reactive inter- 
mediates whose general reactivity patterns are 
well understood, inspiring the design of a wide 
range of new chemical reactions. 

Therefore, the immediate goals within this area 
are to continue advancing the utility of photo- 
catalytic synthesis by exploiting the reactivity of 
photogenerated intermediates in the construction 
of increasingly complex organic targets. Current 
research is also expanding the range of reactive 
intermediates that are available using photocat- 
alytic activation, which should increase the diver- 
sity of transformations accessible to synthetic 
chemists interested in photochemical activation 
strategies (70). Last, as has been the case with 
many other advances in synthetic chemistry, the 
advantages of visible light photocatalysis are 
being recognized by researchers with interests in 
areas as diverse as materials science, chemical 
biology, and drug discovery, suggesting that re- 
search in photochemical synthesis will continue 
to grow in synergistic relationship with intellec- 
tually adjacent fields (32, 71, 72). It seems clear 
that the future of photochemical synthesis re- 
mains bright. 
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Introduction: Plasma membrane damage can result from numerous threats, including mechanical 
stress or biochemical agents such as pore-forming toxins. Different mechanisms for plasma mem- 
brane repair have been described in a variety of cellular models, including patching with endo- 
membranes, endocytosis, and extracellular budding. We found that the endosomal sorting complex 
required for transport (ESCRT), which is implicated in numerous membrane fission events (such as 
during cytokinesis or for the budding of several viruses) was also required for the rapid closure of 
small wounds made at the plasma membrane. 


Methods: We used micropipettes, detergents, pore-forming toxins, and laser wounding to damage 
the plasma membrane of mammalian cells in tissue culture. Ultraviolet or two-photon lasers were 
used to induce small, localized wounds, and cell reactions were followed with time-lapse imaging. 
Propidium iodide (PI) entry in wounded cells was used to allow imaging of the plasma membrane 
opening and to quantify the rate of closure of single wounds. Mathematical fit of Pl entry kinetics 
was used to estimate the diameter and the rate of closure of individual wounds. Characterization of 
PI fluorescence and diffusion gave us an estimation of wound sizes. Transfection of small interfering 
RNA or dominant-negative mutants of ESCRT subunits allowed us to assess their importance during 
plasma membrane repair. Last, using correlative scanning electron microscopy we examined the 
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FIGURES IN THE FULL ARTICLE 


Fig. 1. CHMP4B is recruited to wounded 
plasma membrane. 


Fig. 2. CHMP4B-recruitment occurs before 
resealing. 


Fig. 3. CHMP2, CHMP3, and the ESCRT- 
associated protein ALIX are recruited to 
wounds. 


Fig. 4. ESCRT-III proteins and the ESCRT- 
associated protein ALIX are recruited 
in a calcium-dependent manner. 


Fig. 5. Perturbation of wound resealing 
after depletion of ESCRT-III and ESCRT 
disassembly subunits. 


Fig. 6. ESCRT-positive cell surface budding 


ultrastructure of wounded plasma membranes. y 
upon wounding. 


Results: The various wounding methods used here revealed a systematic recruitment of ESCRTs to 
the plasma membrane. Wounding with a laser beam showed that ESCRTs—and in particular, ESCRT-III 
proteins—were specifically recruited to wound sites and were accumulated until wound closure. This 
recruitment depended on calcium, which is known to be a crucial signaling molecule for wound repair. 
The depletion of important ESCRT subunits such as CHMP4B, CHMP2A, or Vps4 was deleterious for a 
subpopulation of cells bearing small wounds (less than 100 nm in diameter). Correlative scanning 
electron microscopy and time-lapse imaging revealed that wounding was followed by ESCRT-positive 
membrane budding and shedding. Energy depletion did not prevent—and rather increased—ESCRT 
accumulation but prevented both membrane shedding and repair. 


Fig. 7. Energy-independent ESCRT recruitment 
and energy-dependent shedding of wounded 
membrane. 


SUPPLEMENTARY MATERIALS 
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Full Reference List 


Discussion: These results show that ESCRT proteins play an important role in the detection and Movies 51 to $8 


removal through the extracellular shedding of small wounds present at the plasma membrane. We 
propose that different mechanisms for membrane repair (patching, budding, or endocytosis) can be 
used by cells depending on the type and size of the wound. These mechanisms are stimulated by 
common early signaling events, such as calcium, but downstream events are likely to depend on the 
physiochemical characteristics of the wounds. 

ESCRT-positive plasma membrane shedding has been observed in a variety of normal and patho- 
logical conditions. It remains unclear whether these phenomena are linked to local plasma membrane 
damage and whether ESCRT-III proteins are involved in these processes. 


A B 


1 min after wound 
Propidium 
lodide 


ESCRT recruitment mediates 
pinching out of wounded plasma 
membrane. (A) Cells expressing 
the ESCRT subunit CHMP4B-EGFP 
and wounded (arrow) in the pres- 
ence of propidium iodide (PI) were 
observed by means of fluorescence 
imaging. (B) Model for ESCRT- 
mediated detection and shedding 
of wounded plasma membrane. 


CHMP4B- 
EGFP 
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Plasma membrane damage can be triggered by numerous phenomena, and efficient repair is 
essential for cell survival. Endocytosis, membrane patching, or extracellular budding can be used 
for plasma membrane repair. We found that endosomal sorting complex required for transport 
(ESCRT), involved previously in membrane budding and fission, plays a critical role in plasma 
membrane repair. ESCRT proteins were recruited within seconds to plasma membrane wounds. 
Quantitative analysis of wound closure kinetics coupled to mathematical modeling suggested 
that ESCRTs are involved in the repair of small wounds. Real-time imaging and correlative scanning 
electron microscopy (SEM) identified extracellular buds and shedding at the site of ESCRT 
recruitment. Thus, the repair of certain wounds is ensured by ESCRT-mediated extracellular 


shedding of wounded portions. 


ndosomal sorting complex required for 
Hse (ESCRT) has been implicated in 
multivesicular body (MVB) biogenesis, 


viral budding, cytokinesis, and spontaneous bud- 
ding of the plasma membrane (/). They are in- 
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Fig. 1. CHMP4B is recruited to the wounded 
plasma membrane. (A to C) Hela cells stably 
expressing CHMP4B-EGFP at endogenous levels (re- 
ferred below as HeLa CHMP4B-EGFP) were used. 
Cells were treated with digitonin or saponin for 
1 min and fixed for 3 min after the beginning of 
the treatment (A) or were treated with streptolysin 
O or listeriolysin O for 2.5 min before fixation (B). 
Cells were fixed and immunolabeled with antibodies 
to GFP (for better visualization of CHMP4B-EGFP 
recruitment) (A to C). Plasma membrane wounding 
with a glass needle (highlighted with dashed lines) 
was followed by differential interference contrast 
(DIC) microscopy imaging, and CHMP4B-EGFP re- 
cruitment was observed by confocal microscopy in 
6 of 20 cells analyzed (C). (D) HeLa cells cotransfected 
with CHMP4B-mCherry and MyrPalm-EGFP constructs 
were wounded at the plasma membrane with a 
UV laser/spinning disc microscope system. Scale 
bars, 10 um. 
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volved in local membrane deformation and scission. 
The topology of the bent membrane is very char- 
acteristic, with its concave side facing the cy- 
toplasm. ESCRT subunits are classified in five 
complexes: ESCRT-0, ESCRT-I, ESCRT-H, 
ESCRT-III, and ESCRT disassembly subcomplex, 
which are recruited in a serial fashion during MVB 
biogenesis (2-4). ESCRT-II and ESCRT disas- 
sembly proteins appear to be involved in every 
ESCRT-associated function. ESCRT-0 and ESCRT-II 
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CHMP4B-EGFP 
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DIC (objective 60x) 
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have not been implicated in cytokinesis and are 
dispensable during viral budding (5, 6). It is like- 
ly that adaptor proteins such as ALG-2-interacting 
protein X (ALIX) can fulfill the role of ESCRT-II 
for the recruitment of the ESCRT-III machinery 
(5, 7-14). 

Extracellular budding events have been de- 
scribed during cellular response to plasma mem- 
brane wounding by pore-forming toxins (/5, /6). 
Because the topology of these budded membranes 
was reminiscent of ESCRT-dependent membrane 
deformation, we decided to explore the role of 
ESCRTs in plasma membrane repair. 

We first analyzed the behavior of the ESCRT-III 
complex upon localized plasma membrane dam- 
age. We followed the dynamics of CHMP4B, an 
ESCRT-III protein necessary for all known ESCRT 
functions in mammals. The plasma membrane of 
HeLa cells was wounded using three different 
means. In the first assay, we incubated HeLa cells 
expressing CHMP4B-EGFP (enhanced green flu- 
orescent protein) at endogenous levels (/7), with 
two pore-forming molecules (digitonin at 250 uM 
or saponin at 0.05%) added to the cells for a short 
time. In both cases, we observed a redistribution 
of cytosolic CHMP4B-EGFP to localized spots 
at the cell membrane less than 3 min after the ad- 
dition of the pore-forming molecules (Fig. 1A). 
Similar results were obtained with the pore-forming 
toxins streptolysin O and listeriolysin O (Fig. 1B). 
Second, we mechanically damaged the plasma 
membrane using a micropipette in a standard 


Saponin 


CHMP4B-EGFP D 
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microinjection setup. Similarly, CHMP4B-EGFP 
was recruited to the wounded site in HeLa cells in 
about 25% of the cells analyzed (n = 20) (Fig. 
1C). Finally, to standardize wounding conditions 
and to couple localized plasma membrane dam- 
age to fast imaging of the cellular response, we 
performed laser-based plasma membrane wound- 
ing. We used either a scanning confocal micro- 
scope equipped with a two-photon laser or a 
spinning disc confocal microscope equipped with 
an ultraviolet (UV) laser. These experiments re- 
vealed a very fast (less than 30 s) and localized 
recruitment of CHMP4B-EGFP to wounded 
domains (Figs. 1D and 2, A and C). CHMP4B 
was found on the damaged plasma membrane 
colocalizing with the plasma membrane marker 
pMyrPalmEGFP (Fig. 1D). ESCRT-III subunits 
have been observed before at the plasma membrane 
when overexpressed or when lacking autoinhib- 
itory domains (/8, 19) and during viral budding 
or uncharacterized nonviral budding events (/). 
Certain ESCRT-III subunits, such as CHMP3, 
bind with high affinity to phosphatidylinositol 


Fig. 2. CHMP4B- 
recruitment occurs be- 
fore resealing. (A to E) 
The plasma membranes 
of HeLa CHMP4B-EGFP 
cells were locally wounded 
(arrow) in the presence 
of Pl at t = O (A, B, D, 
and E) or at several time 
points (C), using a UV la- 
ser. Time-lapse imaging 
was performed using a 
spinning disc microscope 
system to follow the re- 
cruitment of CHMP4B- 
EGFP and the entry of Pl. 
(A) PI fluorescence is pre- 
sented using a “royal” 
look-up table. (B) Corre- 
sponding graph for the 
cell in (A), which is rep- 
resentative of 15 cells 
analyzed. The red curve 
represents PI entry, and 
the green bars represent 
CHMP4B-EGFP recruit- 
ment measured around 
the wound. (C) Similar ex- 
periments were performed 
for cells subjected to suc- 
cessive wounding. Two 
localized wounding were 
performed at 0 and 10 min 
on two spatially separated 
spots of the membrane 


Propidium iodide 


CHMP4B-EGFP 


AF (a.u.)-decimal scale 


of cells, followed by a deadly wounding at 20 min. The cell presented is 
representative of 15 cells analyzed. The top panel illustrates CHMP4B re- 
cruitment at the wound sites at different time points. CHMP4B-EGFP re- 
cruitment measured in regions 1 and 2 is represented by the histograms in 
light green and dark green, respectively, and Pl entry is represented by the 
red curve. Scales are shown on the right and left of the graph (see cor- 
responding movie $1). (D) Curves of PI entry and CHMP4B-EGFP recruitment 
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3,4-bisphosphate, a lipid exclusively produced at 
the plasma membrane (20). Because lysosomes/ 
late endosomes (LLEs) were found to be involved 
in plasma membrane repair (2/, 22) and because 
ESCRT proteins are involved in LLE functions, 
we tested whether CHMP4 was transported by 
LLE to the wounded area of the plasma membrane. 
Cells expressing CHMP4B-EGFP were immu- 
nostained with endolysosomal markers [lyso-bis- 
phosphatidic acid (LBPA), lysosomal-associated 
membrane protein 1 (Lamp1), and early endosome 
antigen 1 (EEA1)] after localized laser wounding 
to look for approaching endolysosomal vesicles. 
No LBPA, Lamp1, or EEA1 vesicular structures 
were detectable close to the wound in conditions 
where CHMP4 was strongly recruited (fig. S1). 
As reported before (22), however, the presence of 
Lamp! can be revealed by surface staining at the 
wound (fig. S2A). However, the recruitment of 
ESCRTs at the wound in cells with depolymer- 
ized microtubules suggests that it is mainly inde- 
pendent of vesicular transport (fig. S2B). This is 
further suggested by the fact that recruitment of 


i?) 


2min45 19 min 45 
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EGFP 


First damage 
(in 1) 


AF (a.u.) of Pl - log 10 scale 


CHMP4B on wound sites was energy-independent 
(see below). 

These data suggest that soluble ESCRT-III pro- 
teins are directly targeted to physical holes present 
at the plasma membrane, where they may be in- 
volved in repair. The disruption of the membrane 
and the closure of the wound were monitored fol- 
lowing the entry of the impermeant nucleic acid 
dye propidium iodide (PI) into wounded cells. Re- 
versible physical damage upon laser-based wounding 
can be efficiently followed in real time, quantify- 
ing cellular PI fluorescence. CHMP4B recruitment 
was triggered by single or sequential and spatial- 
ly distinct laser wounds (Fig. 2, A to C, and movie 
S1). The suitability of PI to monitor wound open- 
ing and repair was confirmed by comparing PI 
with other dyes (fig. S3). Using PI as a tracer, or 
other fluorescent dyes, we observed that wounds 
could stay open for a few hundreds of seconds 
(Fig. 2B and fig. S3). This was further confirmed 
by adding PI to the cells at different time points 
after wounding, which indicated that some wounds 
remained open up to 4 min (fig. S4). The recruitment 
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were averaged for 15 cell 


CHMP4B-EGFP recruitme 


ls around the time of closure (Tciosure) (time when PI 


reaches a plateau), with Tcosure centered at 0. Error bars correspond to the SE 
of each mean. (E) The difference between Tyigsyre and the time of maximum 


nt gives a AT for each cell analyzed. The distribution 


of all AT was plotted; average = —0.0227, t test not significantly different 
from 0, P = 0.9421. Arrows point at the wound site to which CHMP4B-EGFP 
is recruited. Scale bars, 10 um. 
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of this ESCRT subunit always preceded the clo- 
sure of the wound (Fig. 2D). Furthermore, we 
calculated the difference between the time of 
closure (time of reach of the PI plateau) and the 
time of maximum recruitment of CHMP4B, which 
was not statistically different from 0, strongly sug- 
gesting that these two events are correlated (Fig. 2E). 
Thus, as soon as the wound closes, ESCRT-III 
starts to dissociate from the wounded area. 


Anti-CHMP2B_CHMP4B-EGFP CHMP4B-EGFP 


Pixels 


Anti-CHMP6__CHMP4B-EGFP CHMP4B-EGFP 


50 50 
0 0 
1 31 61 91 1 


We next investigated whether other subunits of 
the ESCRT-III subcomplex were involved in this 
targeted response. Immunostaining of digitonin- 
treated cells revealed that, upon damage, endog- 
enous CHMP3, CHMP2A, and CHMP2B, but 
not CHMP6, colocalized with CHMP4B-EGFP 
at the plasma membrane (Fig. 3, A to C, E, and F, 
and fig. S5). Proteins from other ESCRT sub- 
complexes, such as hepatocyte growth factor— 
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Fig. 3. CHMP2, CHMP3, and the ESCRT-associated protein ALIX are recruited to wounds. (A to D) 
HeLa CHMP4B-EGFP cells were treated with digitonin and immunostained for CHMP2B (A), CHMP3 (B) (37), 
CHMP6 (C), and ALIX (D) (38). Intensity measurements of CHMP4B-EGFP and the other ESCRT subunits were 
performed along the lines highlighted at the plasma membrane edge and are represented as intensity 
spectrums. (E and F) HeLa CHMP4B-EGFP (E) or HeLa (F) cells were wounded and imaged with a spinning 
disc microscope equipped with a UV laser. Cells were fixed 2 min after wounding and immunostained for 
CHMP2A. EGFP signal was enhanced in all experiments as before. White arrows point at the wound where 
CHMP4B-EGFP is recruited. Scale bars, 10 um. 
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regulated tyrosine kinase substrate (HRS), were 
not detected (fig. S6A), although recruitment of 
overexpressed and endogenous TSG101 was ob- 
served (fig. S6, B and C). We investigated wheth- 
er ALIX, a protein capable of bypassing ESCRT-0, 
ESCRT-I, and ESCRT-II complexes and recruit- 
ing ESCRT-III proteins directly, was involved in the 
recruitment of ESCRT-III proteins. ALIX colocalized 
with CHMP4B-EGFP at the plasma membrane of 
cells treated with digitonin (Fig. 3D) or wounded 
with a laser beam (Fig. 4C). Polyubiquitination of 
the plasma membrane wounded by a laser or by 
digitonin was observed by immunofluorescence 
(fig. S7). Its belated detection befogs the role of 
ubiquitin as a potential early signal for ESCRT 
recruitment via ubiquitin-binding domains (23, 24). 
Nevertheless, although we cannot exclude that 
the belated detection is due to a limited antibody 
sensitivity, the presence of ESCRTs at the wound 
sites in the absence of energy, as described below, 
argues in favor of ubiquitin-independent recruit- 
ment of ESCRTs. Calcium, an essential molecule 
for wound repair (25), is likely to be involved in 
early signaling of membrane damage and stimu- 
late the local recruitment of ESCRTs. As ex- 
pected, calcium depletion enhanced cell necrosis 
when cells were wounded with a laser (Fig. 4A 
and fig. S8). These conditions also strongly in- 
hibited ESCRT recruitment (Fig. 4B). This ar- 
gues for a role of calcium entry at wounded sites 
in the local recruitment of ESCRT. Accordingly, 
the recruitment of ALIX mutants lacking calcium- 
binding domain (26) (as well as lipid-binding 
mutants) was strongly impaired as compared to a 
control mutant or wild-type proteins (Fig. 4, C 
and D). Thus, calcium plays a major, and early, 
role in the direct recruitment of ESCRTs to the 
wounded plasma membrane, but the presence 
of both ALIX and TSG101 suggests that redun- 
dant pathways may be involved in the recruitment 
of ESCRTs at the wounded plasma membranes. 
The lipid-binding domain of ALIX has been de- 
scribed by Bissig et al. (26) as an LBPA-specific 
lipid-binding domain. Nevertheless, this study 
only considers lipids present on MVBs. Our data 
suggest that ALIX can bind to the plasma mem- 
brane through its LBPA-binding domain, sug- 
gesting that this domain can also bind other lipids 
present at the plasma membrane, or that LBPA 
might be transiently present at the wounded plas- 
ma membrane. This finding opens research per- 
spectives concerning ALIX binding properties. 

Finally, we analyzed the recruitment of the 
AAA+ adenosine triphosphatase Vps4 (respon- 
sible for the disassembly of ESCRT-III polymers) 
and also observed the rapid kinetics of recruit- 
ment (fig. S9 and movie S2). The timing for Vps4 
recruitment and removal from the wounding site 
was very close to that of CHMP4B recruitment 
and removal. We did not detect other markers 
such as annexin Al that have previously been 
detected in streptolysin O wounds (/6). 

We then asked whether the ESCRT machin- 
ery was recruited at the wounded area following 
the classical sequential order of events described 
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for MVB formation. We knocked down CHMP2A 
in HeLa cells expressing CHMP4B-EGFP (/7). 
CHMP2? proteins, in interaction with Vps4, are 
necessary to recruit the ESCRT disassembly com- 
plex (2, 3, 27-30). In control cells, CHMP4B- 
EGFP local accumulation reached a plateau about 
2 to 4 min after wounding and then started to 
decrease right after wound closure (see Fig. 2, B 
to D). In contrast, in CHMP2A knockdown cells, 
CHMP4B continued accumulating up to three 
times more at the wounded site and reached a 
plateau only 15 min after wounding (Fig. 5, A 
and B, fig. SIOA, and movie S3). This suggests 
that ESCRT-III recruitment is the result of a dy- 
namic equilibrium between the assembly and 
disassembly of the complex on the wound. Knock- 
down of CHMP3 had a similar, albeit milder, ef- 
fect on CHMP4B accumulation (figs. S10B and 
S11A), suggesting a role for CHMP3 in the dis- 
assembly of ESCRT-III machinery. 

To better understand the role of ESCRT-III 
proteins in plasma membrane repair processes, 
we followed the opening and closure of the wound 
by recording and quantifying the kinetics of entry 
of PI into wounded cells. A simple model of 
wound closure was established, and the curves of 
PI entry after cell damage were fitted using this 
model. Successive wounding of the same cell 
showed that the plateau of PI entry reached after 
each damage was caused by wound closure and 
not by saturation of PI labeling and thus could 
be used when fitting the curves (Fig. 2C and 
fig. $12). Quantitative information about the 
initial radius of the hole in the plasma membrane 
(Reg) and its rate of closure (v) could be estimated 
using the model (see details in supplementary 
materials and methods and fig. S12). Laser-based 
plasma membrane damage led to a diversity in 
wound size (see the cumulative distribution in 
fig. S13). When we plotted closing rate values 
against the relative wound size, closure rates 
increased with wound size. However, two modes 
were apparent: one for relatively smaller Reg 
(smaller holes), where rates increased rapidly in 
function of R.,, and one for relatively larger Reg 
(larger holes), where closing rate increased more 
moderately. This suggested that different 
mechanisms may be used depending on wound 
sizes. Indeed, inhibition of CHMP2A affected 
only the closure rate of relatively small holes with 
no impact on wound size distribution (Fig. 5, C 
and D, and fig. $13, A and B), whereas no ef- 
fect was observed for larger holes (fig. $12B). 
Using quantitative microscopy and calculation, 
we could estimate that ESCRTs play a role in the 
repair of wounds of less than 100 nm (fig. S14). 
No effect on v could be detected upon treatment 
of cells with small interfering RNA (siRNA) 
against CHMP3 (figs. S1OB and S11, C and D). 

ESCRT-III function was further perturbed 
by transfecting the dominant-negative (DN) mu- 
tant Vps4B'??32 (3/) or by treating cells with 
an siRNA targeting CHMP4B (32) (for siRNA 
efficiency, see fig. S10C). These treatments inhib- 
it ESCRT-III activity: CHMP4B is the main com- 


1247136-4 


ponent of ESCRT-III filaments (33), and Vps4B 
DN blocks depolymerization of ESCRT subunits 
and therefore their recycling (3). In these con- 
ditions, we did not detect a reduction in the rate 
of closure. However, when we plotted the distri- 
bution of wound size, we observed that pertur- 
bation of Vps4B or CHMP4B functions leads to 
a reduction in the number of cells displaying a 
relatively smaller wound (fig. S13, C and D). No 
such effect was seen upon inhibition of CHMP2A 
or CHMP3 (figs. S11B and $13A). This suggested 
that, upon perturbation of Vps4B or CHMP4B 
functions, cells with smaller wounds did not sur- 
vive and, thus, could not be analyzed. Accord- 
ingly, we observed a significant reduction of cell 
survival upon laser wounding in these condi- 
tions, in comparison to cells treated with a con- 
trol siRNA or overexpressing wild-type Vps4B 
(Fig. SE). This was consistent with the higher levels 
of PI entry observed (Fig. 5F). This indicates that 
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ESCRT-III activity is essential for cell survival 
after plasma membrane damage and suggests that 
the importance of ESCRT-III role in repair is re- 
lated to the size of the wound. 

Our observations indicate that ESCRT-III pro- 
teins are rapidly, specifically, and dynamically 
recruited to damaged areas of the plasma mem- 
brane to quickly repair the defect. Knowing the 
usual topology of ESCRT activity, this suggests a 
model whereby ESCRT proteins would be involved 
in extracellular budding of the damaged area and 
sealing of the plasma membrane. 

To directly test this model by observing the 
wound site at high resolution, we set up a correl- 
ative scanning electron microscopy (SEM) assay 
to (i) get a spatiotemporal control of the wound 
driven by a laser, (ii) observe CHMP4B-EGFP 
dynamics and specific recruitment, and (iil) ob- 
tain a high-resolution image of the zone where 
CHMP4B-EGFP was recruited. The surface of 
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Fig. 4. ESCRT-III proteins and the ESCRT-associated protein ALIX are recruited in a calcium- 
dependent manner. HeLa CHMP4B-EGFP cells were incubated in media with or without calcium and 
supplemented with BAPTA [1,2-bis(2-aminophenoxy)ethane-W,N,N',N'-tetraacetic acid] or EGTA. Both 
media were supplemented with Pl at 160 g/ml. Laser wounding was performed with a UV laser mounted 
on a spinning disc microscope. Cells were examined for necrosis after wounding on the basis of 
morphology by transmission light and levels of PI (see fig. $8). (A) Surviving and necrotic cells were 
quantified. Asterisks indicate differences tested by Fisher's exact test: P > 0.0001 (for BAPTA); P > 
0.0001 (for EGTA). (B) The amount of recruited CHMP4B-EGFP at the wound was quantified at 1 min 
after wounding to avoid measurement artifacts due to cell shape changes and blebbing. Asterisks indicate 
differences tested with the unpaired t test with Welch’s correction: P = 0.0013 (for BAPTA); P = 0.0219 
(for EGTA). (C and D) HeLa cells transfected with different forms of split-YFP (yellow fluorescent protein) 
ALIX plasmids (26) were wounded and imaged. (C) Representative cells are presented for each mutant 
2 min after wounding. (D) The recruitment of YFP-ALIX wild type (WT) or mutants was quantified at the 
wound site. Asterisks indicate differences tested with the unpaired t test with Welch’s correction: P = 
0.0107 (D178A mutant); P = 0.6661 (D316A mutant); P = 0.0277 (QQ mutant). Error bars correspond to 


half 95% confidence intervals. Scale bar, 10 um. 
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the CHMP4B-EGFP HeLa cells grown on gridded 
coverslips was wounded using a UV laser (Fig. 6, A 
to F, and movie S4). The recruitment of CHMP4B- 
EGFP was followed by fluorescence time-lapse 
imaging (Fig. 6A). Lateral projection of image 
stacks showed that CHMP4B was recruited on 
plasma membrane protrusions (Fig. 6B). Cells 
imaged by time-lapse microscopy were then fixed 
and observed by SEM (n = 6). Low-magnification 
observation allowed the detection of wounded 
areas (Fig. 6C). At higher magnification, a clus- 
ter of extracellular buds of various size was de- 
tected on damaged zones and could be aligned 
with CHMP4B-EGFP-positive areas (Fig. 6, D 
to F). This suggested that ESCRT-II proteins 
were involved in extracellular budding at wounded 
sites. 

We observed ESCRT-positive membrane 
shedding at the cell surface at wounded sites using 
time-lapse confocal microscopy (Fig. 7A, fig. S15, 
and movie $5). Accordingly, using spinning disc 
confocal time-lapse microscopy and SEM, we ob- 


Fig. 5. Perturbationof A 
wound resealing after 


served that CHMP4B-EGFP-positive buds were 
accompanied with shedding (fig. S16). Both mem- 
brane repair and ESCRT-positive shedding were 
adenosine 5’-triphosphate (ATP)-dependent mech- 
anisms (Fig. 7, B to E, and movie S6). ESCRT 
recruitment itself still occurred in the absence of 
energy, but pinching of the membrane was only 
observed when energy production was restored 
(Fig. 7C and fig. S17). Thus, ESCRT shedding 
itself appears necessary for the wound closure, 
and ATP-dependent mechanisms, most likely the 
ESCRT disassembly machinery, may also be re- 
quired to resolve the neck constriction, bud detach- 
ment, and wound closure. 

The precise mechanisms that allow cells to 
rapidly detect wounds at the plasma membrane 
will need further investigation, but our results 
indicate a key role played by calcium increase. In 
addition, time-lapse imaging of CHMP4B recruit- 
ment led to an intriguing observation: We often 
noticed that plasma membrane wounding was 
followed by the rapid formation of a localized 
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point at the wound site. 
Scale bar, 10 um. (C and D) 
HeLa cells transfected with 
different plasmids or siRNA 
were incubated in medi- 
um with PI and wounded 
using a UV laser. The total 
fluorescence of PI intensity 
was fitted using a mathe- 
matical model (see sup- 
plementary materials and 
methods) to obtain an ini- 
tial effective radius (Rem) 
of the wound and an ef- 
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bleb of a few micrometers in diameter. The bleb 
rapidly became positive for CHMP4B-EGFP (Fig. 
6G). As the bleb regressed, the staining of CHMP4B- 
EGFP became denser. Previous studies have re- 
vealed that events lowering membrane tension 
(such as exocytosis and local removal of the actin 
cytoskeleton) occur upon wounding of the plas- 
ma membrane (34). On the basis of these studies 
and our observations, we thus propose a model 
whereby a lesion in the plasma membrane trig- 
gers a local drop in membrane tension reinforced 
by local membrane supply through exocytosis 
and/or cytoskeleton remodeling. This drop in ten- 
sion together with calcium entry would promote 
ALIX and ESCRT-III local recruitment. Other 
signals such as ubiquitination of proteins at the 
wound site or loss of lipid asymmetry and the 
recruitment of lipid-binding proteins may re- 
inforce this binding. The assembly of ESCRT-III 
into helix-shaped filaments would then trap the 
damaged portions of plasma membrane on 
buds, shed them from the plasma membrane, and 
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treated with siRNA against luciferase or CHMP4B. Statistical analysis was 
performed using a two-sided ° test for proportion comparison (o, = 5%). n.s., 
nonsignificant differences; *P < 0.0001. (F) PI entry was quantified and 
averaged for each time point in each condition. Error bars correspond to 
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Fig. 6. ESCRT-positive cell surface budding upon 
wounding. HeLa CHMP4B-EGFP cells were used for 
these experiments. Wounds and time-lapse acquisition 
was performed on a spinning disc microscope equipped 
with a UV laser. (A) Time-lapse observation of the 
recruitment of CHMP4B-EGFP in wounded cells. (B) 
Lateral view of the cell 4 min after wounding. (C) 
Correlative image of the cell fixed and processed 
for SEM (representative of six cells analyzed). (D 
and F) Higher magnification of the areas pointed in 
(A) and (C). (E) Fluorescence to SEM alignment based 
on cell morphology criteria; see movie $4. (G) Re- 
cruitment of cytoplasmic CHMP4B-EGFP at blebs 
generated at the wounded site. The resorption of the 
bleb is accompanied by concentration of CHMP4B at 
the wounding site. Lateral views correspond to an 
orthogonal projection where the z images were sep- 
arated by 5 pixels and intrapolated. White arrows 
point at the wound site where CHMP4B is recruited. 
Scale bars, 10 um (A, C, and G); 1 um (D to F). 


Fig. 7. Energy-independent ESCRT recruit- 
ment and energy-dependent shedding of 
wounded membrane. Hela CHMP4B-EGFP cells 
were wounded and imaged on a spinning disc 
microscope equipped with a UV laser. (A) Shedding 
of ESCRT-positive particles from wound site pointed by 
the arrow. For corresponding lateral view, see movie 
S5. (B and C) Cells were incubated in phosphate- 
buffered saline (PBS) + PI supplemented with glucose, 
glucose + sodium azide, or deoxyglucose + sodium 
azide, as indicated. Cells were wounded as previously 
described. PBS containing deoxyglucose and sodium 
azide was washed out in certain assays [(C) and fig. 
S17] and replaced with PBS-glucose 10 min after 
wounding (WO). (D and E) PI entry (D) and CHMP4B 
(E) recruitment were quantified over time and 
averaged. Arrows point at the wound site where 
CHMP4B is recruited. Empty arrows point at CHMP4B- 
positive shedding particles. Error bars correspond to 
half 95% confidence intervals. Scale bars, 10 um. 


ensure sealing of nondamaged areas. Rapid binding 
of ESCRT proteins may also prevent extension of 
the wound and enhance cell survival. Although 
these mechanisms would be sufficient to explain 
localized membrane repair, it may be associated 
with other mechanisms described previously, such 
as patching of membrane gaps with intracellular 
vesicles (fig. S2A). The size of the gap may dic- 
tate the choice of the mechanism involved for 
repair because the patching model has clearly 
been demonstrated for larger wounds and because 
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we observed critical involvement of ESCRT-III 
proteins to repair wounds smaller than 100 nm. 
These wounds were rather long-lasting as compared 
to what has been observed for larger wounds. 
In conclusion, plasma membrane integrity is 
essential for cell homeostasis and survival. We 
propose that ESCRT-III proteins play a central 
role in repairing local injuries by ensuring extra- 
cellular shedding of damaged areas. Plasma mem- 
brane shedding, sometimes positive for ESCRTs, 
has been observed in several normal and path- 
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ological conditions (35, 36), and it will now be 
important to test whether this is linked to local 
plasma membrane damage and whether ESCRT- 
III proteins are involved in these processes. 
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Lost in Transition: Start-Up of 
Glycolysis Yields Subpopulations 
of Nongrowing Cells 
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Introduction: Cells use multilayered regulatory systems to respond adequately to changing environ- 
ments or perturbations. Failure in regulation underlies cellular malfunctioning, loss of fitness, or 
disease. How molecular components dynamically interact to give rise to robust and adaptive responses 
is not well understood. Here, we studied how the model eukaryote Saccharomyces cerevisiae can 
cope with transition to high glucose levels, a failure of which results in metabolic malfunctioning and 
growth arrest. 


Methods: We combined experimental and modeling approaches to unravel the mechanisms used by 
yeast to cope with sudden glucose availability. We studied growth characteristics and metabolic state 
at population and single-cell levels (through flow cytometry and colony plating) of the wild type and of 
mutants unable to transit properly to excess glucose; such mutants are defective in trehalose synthesis, 
a disaccharide associated with stress resistance. Dynamic #C tracer enrichment was used to estimate 
dynamic intracellular fluxes immediately after glucose addition. Mathematical modeling was used to 
interpret and generalize results and to suggest subsequent experiments. 


Results: The failure to cope with glucose is caused by imbalanced reactions in glycolysis, the essential 
pathway in energy metabolism in most organisms. In the failure mode, the first steps of glycolysis carry 
more flux than the downstream steps, resulting in accumulating intermediates at constant low levels of 
adenosine triphosphate (ATP) and inorganic phosphate. We found that cells with such an unbalanced 
glycolysis coexist with vital cells with normal glycolytic function. Spontaneous, nongenetic metabolic 
variability among individual cells determines which state is reached and consequently which cells 
survive. In mutants of trehalose metabolism, only 0.01% of the cells started to grow on glucose; in 
the wild type, the success rate was still only 93% (i.e., 7% of wild-type yeast did not properly start up 
glycolysis). Mathematical models predicted that the dynamics of inorganic phosphate is a key determi- 
nant in successful transition to glucose, and that phosphate release through ATP hydrolysis reduces the 
probability of reaching an imbalanced state. %C-labeling experiments confirmed the hypothesis that 
trehalose metabolism constitutes a futile cycle that would provide proper phosphate balance: Upon a 
glucose pulse, almost 30% of the glucose is transiently shuttled into trehalose metabolism. 


Discussion: Our work reveals how cell fate can be determined by glycolytic dynamics combined 
with cell heterogeneity purely at the metabolic level. Specific regulatory mechanisms are required to 
initiate the glycolytic pathway; in yeast, trehalose cycling pushes glycolysis transiently into the right 
direction, after which cycling stops. The coexistence 
of two modes of glycolysis—an imbalanced state 
and the normal functional state—arises from the 
fundamental design of glycolysis. This makes the 
imbalanced state a generic risk for humans as well, 
extending our fundamental knowledge of this cen- 
tral pathway that is dysfunctional in diseases such 
as diabetes and cancer. 


Wild-type 


IMBALANCED STATE 


Trehalose 
cycling 


STEADY STATE 


Initiation of glycolysis can have two outcomes. Upon 
glucose availability, glycolysis can end up in either a func- 
tional steady state or an unviable imbalanced state with 
imbalanced fluxes between ATP-consuming (Vyppe.) and ATP- 
producing steps (Viower). In wild-type yeast, the transient 
activation of trehalose cycling pushes glycolysis toward the 
viable steady state. Failure to do so results in metabolic 
malfunctioning, as observed in mutants in trehalose bio- 
synthesis (tps1A). 
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Fig. 1. The coexistence of two glycolytic 
states underlies glucose-tolerant tps1A 
subpopulations. 


Fig. 2. pH; reveals distinct metabolic 
subpopulations. 


Fig. 3. Metabolic subpopulations are caused 
by small variation in metabolic variables, 
and their sizes can be manipulated. 


Fig. 4. Generalized core model of glycolysis 
can reach two stable, coexisting states. 


Fig. 5. 3C tracer enrichment reveals highly 
dynamic flux distributions through the 
trehalose cycle. 
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Lost in Transition: Start-Up of 
Glycolysis Yields Subpopulations 
of Nongrowing Cells 
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Yves J. M. Bollen,?”> Robert Planqué,° Josephus Hulshof,° Tom G. O'Toole,” 


S. Aljoscha Wahl,?* Bas Teusink?’23* 


Cells need to adapt to dynamic environments. Yeast that fail to cope with dynamic changes in the 
abundance of glucose can undergo growth arrest. We show that this failure is caused by 
imbalanced reactions in glycolysis, the essential pathway in energy metabolism in most organisms. 
The imbalance arises largely from the fundamental design of glycolysis, making this state of 
glycolysis a generic risk. Cells with unbalanced glycolysis coexisted with vital cells. Spontaneous, 
nongenetic metabolic variability among individual cells determines which state is reached 

and, consequently, which cells survive. Transient ATP (adenosine 5’-triphosphate) hydrolysis 
through futile cycling reduces the probability of reaching the imbalanced state. Our results reveal 
dynamic behavior of glycolysis and indicate that cell fate can be determined by heterogeneity 


purely at the metabolic level. 


ey properties of biological systems are 

k adaptability and robustness—the abil- 
ity to maintain the physiological state in 
response to perturbations or dynamic conditions 
(J). Cells use multilayered regulation to respond 
adequately to changing environments or sudden 
perturbations. Failures in regulation underlie cel- 
lular malfunctioning, loss of fitness, or disease. In 
recent years, there has been a revived interest in 
metabolic processes, because many diseases are 
associated with metabolic aberrations, such as 
diabetes and cancer (2). Glycolysis is the central 
pathway in energy metabolism, which converts 
glucose to pyruvate with a net production of two 
adenosine 5'-triphosphate (ATP) molecules per 
glucose molecule. However, this net formation of 
ATP in “lower glycolysis” (Fig. 1) is preceded by 
an initial ATP investment at the first steps in the 
pathway (“upper glycolysis”; Fig. 1). This se- 
quence of enzymatic steps in glycolysis, which is 
adopted by many organisms (3), implies a serious 
risk. If upper glycolysis outpaces lower glycoly- 
sis, a massive accumulation of glycolytic inter- 
mediates can occur with much reduced ATP 
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production (4). This phenotype is observed in 
pancreatic B cells overexpressing glucokinase 
(coined acute glucose intolerance) (5), the en- 
zyme that catalyzes the first step of glycolysis. 
Similarly, Saccharomyces cerevisiae mutants de- 
fective in the biosynthesis of the disaccharide 
trehalose, which branches off from glycolysis 
at the level of glucose-6-phosphate (G6P) (Fig. 1), 
show accumulation of the glycolytic intermediate 
fructose 1,6-bisphosphate (FBP) at low concen- 
trations of ATP (6). We call this detrimental state 
of glycolysis an imbalanced state. We find that 
this imbalanced state is a risk also for normal cells. 
Through detailed system-level analysis of yeast 
glycolysis, we explain how phosphate dynam- 
ics is at the origin of the imbalance, and reveal 
how specific regulatory mechanisms affect the 
probability for cells to get trapped in it. 

S. cerevisiae mutants with a defect in trehalose 
6-phosphate (T6P) synthase (#»s/), the first com- 
mitted step in trehalose biosynthesis (Fig. 1), exhibit 
the imbalanced-state phenotype and are unable to 
grow on glucose (7). The molecular mechanism 
underlying this imbalanced phenotype has prov- 
en challenging to elucidate [we provide an ex- 
tensive account of the literature in (8)]. T6P, the 
product of ¢ps/, acts in vitro as a competitive in- 
hibitor of the hexokinases (HXK1 and HXK2), 
with respect to glucose (9). This negative feed- 
back loop was hypothesized to slow down the 
upper part of glycolysis and restore the balance 
in wild-type cells (4), but T6P-insensitive hexo- 
kinase mutants do grow on glucose (/0). An al- 
ternative hypothesis assumes a reduced activity 
of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) because of the low amounts of its sub- 
strate, cytosolic phosphate (P;), in gys/A mutants. 
Accordingly, P; release should enhance GAPDH 
activity and restore balance. In line with this hy- 
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pothesis, enhanced glycerol production, which re- 
leases P;, restores growth of qys/A mutants on 
glucose (//). Trehalose production from G6P also 
releases P; (Fig. 1A); however, the capacity of tre- 
halose synthesis was believed to be too low to pro- 
vide enough P; for the high flux of glycolysis (72). 

We used a computational approach to better 
understand the complex phenotype of #ps/A mu- 
tants. We adapted an existing kinetic model of 
glycolysis (/3) by (i) introducing P; as an explicit 
variable in the model (rather than as a fixed “‘com- 
modity” metabolite) and (ii) allowing for the 
mobilization of P; from vacuolar stores, based on 
in vivo nuclear magnetic resonance data that de- 
scribe this behavior (6). The latter was necessary 
because the net accumulation of phosphate- 
containing glycolytic intermediates that are ob- 
served experimentally in the imbalanced state (Fig. 
1B) is not possible without the import of P; [details 
on these and other small adjustments to the original 
model are provided in (8)]. 


Two Glycolytic States Coexist 


Simulations representing the sys/A mutant resulted 
in dynamic metabolite profiles that were qualita- 
tively similar to experimentally observed profiles 
(Fig. 1B); that is, all metabolites were balanced, 
except for the intermediates between the upper 
and lower parts of glycolysis (Fig. 1B and fig. $3). 
Known experimental rescue mechanisms for the 
tps1A mutant, such as reduced activity of hexo- 
kinase (/4) or enhanced glycerol production (//), 
could be reproduced in silico (figs. S11C and S14, 
C and D). 

Our ¢ps/A mutant model could reach another 
state, which resembled the wild-type steady state 
with proper flux, high ATP and P; levels, and nor- 
mal FBP levels. Whether this state was reached 
depended on the initial concentrations of the 
metabolites, as shown for FBP and P; (Fig. 1B). 
Hence, two stable outcomes (states) coexisted 
in the model, a global steady state and an im- 
balanced state: the latter is a nontypical stable state, 
because some variables are not constant in time 
but rather accumulate. Other systems with more 
than one stable state, as found in sporulation (/5) 
or differentiation (/6), often result in phenotyp- 
ically different subpopulations in an isogenic 
population. We assessed experimentally whether 
we could find evidence for such subpopulations 
as well, by asserting that only the functional gly- 
colytic state would support growth. On the basis 
of serial dilution plating of wild-type and tps/A 
cultures on galactose and glucose (8), we esti- 
mated that about 1 in 10° to 10* gps/A cells grew 
on excess glucose (Fig. 1C). This small subpop- 
ulation size is consistent with the very long lag 
phase we observed in glucose liquid cultures 
(Fig. 1D). In the past, glucose-positive #ps/A col- 
onies were usually discarded as revertants or res- 
cue mutants. However, when ¢ps/A colonies were 
directly picked from glucose plates and subjected 
to another transition via galactose to glucose, the 
original subpopulation structure with less than 
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Fig. 1. The coexistence of two glycolytic states underlies glucose-tolerant 
tps1A subpopulations. (A) Schematic illustration of glycolysis and the trehalose 
cycle. (B) Depending on initial conditions, the tps7A-like model can reach one of 
two stable states. (i) Normal steady state (white area) or an imbalanced state (gray 
area). The black circle indicates the initial values for P, and FBP used (table S2). (ii) 
Simulation of the imbalanced state is qualitatively similar to experimentally 
observed profiles [data reproduced from (9)]. (C) Serial dilution plating reproducibly 
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shows glucose-tolerant subpopulations of between 1 in 10? and 1 in 10° tps7A cells 
(n = 3). (D) Growth curves for wild type (WT) and tps2A on glucose (Glu) and 
galactose (Gal): Glu tps1A cells show extended lag phase as a consequence of a 
large nongrowing background. (E) Summary of the propagation scheme and a 
representative result (see fig. S5C for full scheme) show that glucose tolerance can 
be reset, because populations derived from a glucose-tolerant colony exhibit sub- 
population structures similar to initial populations derived from glycerol stocks. 
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1 in 10° glucose-tolerant colonies was restored 
(Fig. 1E and fig. SSC). This argues against a 
genetic basis. We therefore conclude that there is 
a small subpopulation of glucose-positive tps/A 
cells that arises from spontaneous phenotypic— 
as opposed to genetic—variability. 

We reexamined the reported inhibitory effect 
of low concentrations of glucose on ¢ps/A mutant 
growth in the presence of excess galactose (/7). 
Plating experiments again showed that the growth 
inhibition observed at the population level is in 
fact caused by a glucose-dependent increase in the 
size of a subpopulation that was unable to grow 
(fig. S6A). A simple mathematical model of pop- 
ulation growth dynamics with different growing 
and nongrowing subpopulation sizes (8) reproduced 
the experimental data (/7) very well (fig. S6B). 


Intracellular pH Reveals Two 
Metabolic Subpopulations 


To visualize the two subpopulations, we made use 
of the observation that sys/A mutants, when ex- 
posed to glucose, are unable to maintain pH 
homeostasis because they produce too little ATP 
(6). Hence, after glucose addition, the intracel- 
lular pH (pH;) of ps/A populations decreased by 
more than 1 pH unit compared to that of wild-type 
cells (Fig. 2A). After confirming that different sub- 
populations could be distinguished on the basis 
of pH; signals (Fig. 2B), we used flow cytometry 
as a high-throughput approach to study the struc- 
ture of both gs/A and wild-type populations 
exposed to galactose and glucose. We found two 


subpopulations of fps/A cells of sizes that agreed 
with the plating assays and growth lag phases 
(Fig. 2C). We also tested wild-type cells because 
analysis of the wild-type version of the model 
also showed two stable states (fig. S4). Indeed, a 
subpopulation of wild-type cells with low pH 
appeared in cultures exposed to glucose, but a 
similar response was observed for galactose (Fig. 
2C). The size of the subpopulation, about 7%, 
was larger than the model suggested (but not 
unexpectedly; fig. S4). These results indicate that 
the imbalanced state is a general property of 
glycolysis that cannot be fully prevented by reg- 
ulatory mechanisms operative in wild-type cells. 


Metabolic Variability Determines State 

of Glycolysis 

We tested in silico whether the observed phe- 
notypic variability in the response to sugar addition 
could be reproduced by introducing spontaneous 
variation in enzyme and initial metabolite con- 
centrations. We sampled these concentrations from 
Gaussian distributions with realistic coefficients 
of variation (18). The mean of the initial me- 
tabolite concentrations was based on metabolite 
data for wild-type cells grown on galactose (/9), 
the sugar on which we grew tps/A before glucose 
addition. We generated 10° tpsIA-like models 
each with unique initial conditions and simulated 
a galactose-to-glucose transition. Less than one 
in a thousand models actually reached a func- 
tional steady state. Thus, heterogeneity in the 
amounts of glycolytic enzymes and metabolites 
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appears to cause some cells to survive glucose 
dynamics, whereas others do not. This is striking, 
because metabolism is often considered to op- 
erate in a deterministic regime due to rather high 
concentrations of enzymes and intermediates. 
Phenotypic variation by nongenetic variability 
is usually studied in genetic circuits that naturally 
operate at a stochastic regime with low copy num- 
bers for key components (20). 

It is relevant to compare the above obser- 
vations with frameworks such as fluctuation- 
induced bistable switching (2/, 22), which has 
previously been linked to the emergence of phe- 
notypic heterogeneity. In contrast to such stochastic 
switching phenomena, the emergence of the two 
distinct phenotypes (viable and nonviable) de- 
scribed here does not depend on the coexistence 
of two qualitatively different physiological states 
before a glucose perturbation. Our interpretation 
of the above data is that spontaneous, nongenetic 
variation between cells creates a continuous prob- 
ability distribution for metabolite concentrations 
and metabolic fluxes. Within the space of these 
initial physiological states, a subspace exists that 
characterizes the cells that survive a sudden glucose 
excess exposure (fig. S7) (8). 

To assess which parameters and initial con- 
ditions most affect the probability to reach an im- 
balanced or functional steady state, we performed 
a linear discriminant analysis over all our model 
simulations (8). A single discriminant accounted 
for 99% of the differences in initial conditions that 
lead to either the balanced or imbalanced states 
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Fig. 2. pH; reveals distinct metabolic subpopulations. (A) Population- 
level pH; responses show the disruption of pH homeostasis of tps2A cells in 
response to 2% glucose. After a 2% glucose or galactose pulse, the pH; of WT 
and tps1A populations is shown in time. (B) Fluorescence microscopy shows 
that distinct metabolic states can be visualized using pH; readouts. (C) Flow 
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(fig. S11A). This discriminant identified param- 
eters and initial metabolite concentrations that tend 
to either reduce the flux through the upper part 
of glycolysis or enhance the flux through lower 
glycolysis (Fig. 3A). The parameters related to the 
primary mechanisms known to rescue the tps/A 
mutant phenotype (23) were all represented. 


Size of Subpopulations Can Be Manipulated 


We looked for ways to experimentally influence 
the size of the two subpopulations. Respiratory 
inhibitors, in particular antimycin A (24), have 
been shown to improve growth in the presence of 
glucose. However, ethanol, the solvent of anti- 
mycin A, produced pronounced decreases in the 
lag phase (Fig. 3B), completely dominating the 
antimycin A effect (fig. SSD). These results were 
confirmed by plating assays (fig. S6C) and flow 
cytometry measurements of pH; (fig. S9) (8). We 
repeated the in silico random sampling approach 
at different ethanol concentrations and reproduced 
the positive effect of ethanol (Fig. 3C). The model 
showed that the increase in ethanol concentration 
increased P; release through glycerol formation 
(fig. S11B) driven by an increased NADH (reduced 
form of nicotinamide adenine dinucleotide)//NAD 
(oxidized form of nicotinamide adenine dinucleo- 
tide) ratio (25). This model prediction was ex- 
perimentally tested in tps/A mutant cultures by 
the addition of formate. Although formate cannot 
be used as a carbon source by yeast, its conver- 
sion to CO, by formate dehydrogenase (26) en- 
hances NADH formation. Indeed, formate additions 
similarly decreased the lag phase, implying a 
NADH-driven increase in glycerol production 
that subsequently increases the proportion of tps/A 
cells in the population that could grow on glucose 
(fig. SSE). 


Core Model Explains and 

Generalizes Dynamics 

To generalize our findings and to provide a deeper 
understanding of the observed coexistence of two 
stable states, we captured the essential features of 
the large model in a reduced model. This gener- 
alized core model (8) only considers the concen- 
trations of FBP, ATP, and P; and four reactions: (i) 
a lumped upper glycolysis reaction (Vapper), (ii) a 
lumped lower part of glycolysis (Viower), (iil) an 
ATP-demand reaction (varp), and (iv) a P; import 
or export reaction (vp) (Fig. 4). Detailed mathe- 
matical analysis showed that such a generalized 
glycolytic pathway has two stable states rep- 
resenting a functional steady state and an im- 
balanced state. 

Figure 4 shows the system dynamics that lead 
to these two states: The difference between the 
left and right panel is only the initial P; level (10.4 
and 9.4 mM, respectively). How can the different 
outcomes in these simulations be explained? At 
the start of the simulation (when glucose is added), 
Vupper > Viowerr and this difference causes the 
concentration of the intermediate FBP to increase 
(as dFBP/dt = Vapper — Viower). For a balanced 
steady state, Viower needs to accelerate to equal the 
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rate Of Vupper (note that this challenge becomes 
bigger if the activity Of Vupper is higher). P; is the 
phosphate source for FBP, and therefore, FBP ac- 
cumulation results in a drop in P; (Fig. 4). Because 
both FBP and P; are substrates of Viowen the ac- 
cumulation of FBP stimulates voy, whereas the 
drop in P; tends to slow it down: Which effect is 
dominant may determine the fate of the system. If 
P; is high initially, a drop in P; will not affect vigwer 
and the FBP increase will dominate, resulting in 
the functional steady state being reached (Fig. 4, 
left panel). Similarly, if P; is liberated quickly 
enough directly by storage/uptake (vp) or indi- 
rectly by ATP hydrolysis (varp), P; will drop less 
quickly and the balanced steady state can also be 
reached. If, however, P; is low at the onset of 
glucose addition or P; mobilization is too slow, or 
both, the decrease in P; will quickly become a 
limiting factor for Viowe, and will dominate the 
stimulating effect of accumulating FBP. In this 
CASE, Viower Will not accelerate quickly enough to 
reach the rate of Vupper, and the system will col- 
lapse to the imbalanced state (Fig. 4, right panel). 
Once in this imbalanced state, continuous P; mo- 
bilization from uptake or storage paradoxically 
maintains the imbalance. In this low P;, low ATP 
state, imported P; enhances the rate of Viower, but 
the concomitant production of ATP will increase 
Vupper two times more (due to the stoichiometric 
coupling of ATP in glycolysis; Fig. 4B). Hence, 
the imbalance and, thus, FBP accumulation will 
only get bigger with faster P; import, as observed 
in the core model and the detailed model (fig. $1). 


Trehalose Metabolism Constitutes 
Transient Futile Cycling 


The core model predicted that enhanced P; mo- 
bilization through ATP hydrolysis by varp could 
enlarge the set of initial conditions that leads to a 
functional steady state, or could even result in the 
disappearance of the imbalanced state altogether 
(fig. S14). This was confirmed in the detailed 
model. We realized that, in yeast, the full trehalose 
cycle (Fig. 1A) could act as a mechanism for ATP 
hydrolysis through futile cycling. This cycling of 
trehalose should be able to remove the existence of 
the imbalanced state or at least reduce the proba- 
bility to reach it, providing a rationale why treha- 
lose metabolism affects glycolytic function. 

To estimate the dynamic fluxes through the 
trehalose network upon a transition to glucose 
excess, we used a dynamic '*C-labeling approach 
(8). Wild-type cells were grown in a glucose-limited 
chemostat and treated with either 110 mM (?c] 
glucose or uniformly labeled [U-'*C,]glucose 
pulses. The time course of the concentrations and 
the average carbon labeling enrichments for key 
intermediates are shown in Fig. SA. For most 
metabolites, up to full enrichment was achieved 
very rapidly; in contrast, the large trehalose pool 
was enriched to only 14% at the end of the 
experiment. From these data, the flux of glucose 
through the different glycolytic enzymes was 
estimated on the basis of a hybrid modeling 
approach (27). The flux profiles indicated that (i) 


fluxes changed rapidly after a glucose pulse, at 
similar time scales as key metabolites, such as 
ATP (Fig. 5B); (ii) fluxes through TPS1 and 
TPS2 increased and subsequently decreased be- 
tween 0 and 5 min; and (iii) at its maximum, as 
much as 28% of the glucose taken up was 
branched into trehalose (Fig. 5C). The transient 
nature of the flux through the trehalose pathway 
is consistent with the existence of two stable 
states in glycolysis, that is, once the system has 
reached the viable steady state, the need for 
excessive ATP hydrolysis through futile trehalose 
cycling has disappeared. Thus, we suggest that 
trehalose cycling constitutes a transient futile 
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Fig. 3. Metabolic subpopulations are caused 
by small variation in metabolic variables, and 
their sizes can be manipulated. (A) Linear dis- 
criminant analysis of randomly sampled initial con- 
ditions (metabolites and Vjyaxes) highlights the 
variables that most significantly affect the proba- 
bility of reaching either the normal steady state or 
the imbalanced state. (B) In liquid cultures, lag 
phases of tps1A cultures decreased with increasing 
concentrations of ethanol (EtOH) in the medium. (C) 
The positive effect of ethanol as percentage of 
viable cells [experimental data: red bars (8)] can be 
reproduced by a population of models with initial 
conditions sampled from a Gaussian distribution as 
described in the main text (blue bars). 
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cycle, large enough to push the system’s dynam- 
ics into the functional steady state. 


Different Mechanisms Contribute to Robustness 


Finally, we examined the contribution of various 
aspects of trehalose metabolism to establish pro- 
per glycolytic functioning, through random sam- 
pling of initial conditions in the full kinetic model 
(Fig. 5D). Whereas the combined trehalose cy- 
cling and negative (T6P-mediated) feedback on 
hexokinase resulted in 100% viability in the 
wild-type version of the model, apparent futile 
cycling of trehalose alone resulted in a regular 
steady state in 76% of the sampled cases. Re- 
moval of G6P without P; release (only possible in 
silico) resulted in a functional state in 4% of the 
cases. This shows that phosphate recovery is the 
primary safety mechanism, with hexokinase inhi- 
bition also contributing. The reported inhibition 
of trehalose synthesis by P; (28) reinforces this 
picture, because low P; concentrations will re- 
lieve inhibition and ensure P; mobilization. These 


results provide a strong basis for the interpretation 
of population-level phenotypes of various mutants 
in trehalose metabolism and hexokinase (8). 


Start-Up of Glycolysis Requires 
Dynamic Regulation 


From our work, a dynamic picture emerges where 
the organization of glycolysis in ATP-investing 
upper and ATP-producing lower parts provides a 
major challenge for robust start-up upon activa- 
tion. After environmental changes (for example, 
nutrition, hormone, and drug), proper steering 
through a dynamic landscape consisting of un- 
desired states requires specialized regulatory mech- 
anisms. Our work shows that phosphate dynamics 
is an essential determinant of the state that is 
reached. Because existing glycolytic models ig- 
nored P; dynamics, the coexistence of two states 
in glycolysis was not previously discovered. 
The core model demonstrated that mostly 
generic features of glycolysis give rise to this two 
state outcomes, in particular, (i) its stoichiometry 
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in ATP consumption and production, and (ii) 
the (universal) equilibrium constants of phospho- 
fructokinase (large; allowing accumulation of 
FBP) and GAPDH (small; requiring high P; levels 
to drive the reaction). In yeast, trehalose metabo- 
lism apparently provides protection against the 
imbalanced state, albeit not 100% fail-safe based 
on flow cytometry (Fig. 2C); the observed failure 
of wild type (~7%) could reflect a trade-off be- 
tween different aspects of the transition to high 
sugar, because a higher success rate will require 
tighter regulation or higher futile cycling that will 
make start-up slower or more costly, respectively. 

Other systems, notably mammalian cell types, 
have adopted alternative mechanisms that may 
function to prevent glycolytic imbalance. In hu- 
man cell types, feedback inhibition of hexokinase 
or glucokinase, either by the product G6P (muscle) 
or a glucokinase regulatory protein (liver), is a well- 
known regulatory mechanism for glycolysis (29). 
Pancreatic B cells seem to have no protective 
mechanism, but have low glucokinase activity 
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that would prevent the upper part of glycolysis 
from being too fast. Upon overexpression of 
hexokinase, these cells exhibit a similar metabol- 
ic imbalance to that observed in yeast tps/A 
mutants (5), providing relevance for this state in 
mammalian metabolism. 

Our findings have major implications for bio- 
technological applications and disease. In biotech- 
nology, poor mixing in large-scale fermenters causes 
dynamic conditions, which—often in combination 
with genetic manipulations—may create condi- 
tions in which individual cells behave very dif- 
ferently from the measured population average. 
In disease, cancer in particular, the regulation of 
glycolysis has recently regained great interest 
because of the Warburg effect, characterized by 
an enhanced glycolytic flux and lactate produc- 
tion (30). Our work provides systems-level insight 
into the dynamic regulation of glycolysis. As an 
example, feed-forward activation of pyruvate 
kinase (PK) by FBP is impaired in the PKM2 
splice variant that replaces the original PKM1 
protein in many cancer cells (37). Such feed- 
forward activation of PK by FBP, observed from 
bacteria to man, could act as an additional safety 
mechanism to prevent a metabolic imbalance in 
glycolysis: FBP activation would help to accel- 
erate the lower part of glycolysis if FBP starts to 
accumulate. Indeed, in all our models, removing 
the positive feedback on PK enhanced the prob- 
ability to reach imbalance. Intriguingly, PKM2 
expression in tumors coincides with an alterna- 
tive phosphoglycerate mutase activity that in- 
stead of ATP produces P; from PEP (32). Such an 
activity would fit with the role of P; release to 
ensure robust functioning of glycolysis. Interfer- 
ing with protective mechanisms against the meta- 
bolic imbalance state in tumor cells, or perhaps, 
counterintuitively, enhancing glucose uptake rather 
than inhibiting it, may provide a rationale for so- 
phisticated treatment strategies. 


Materials and Methods 


Strains, Media, and Growth Conditions 


All strains used in this study are listed in table S3. 
The S. cerevisiae strains based on the BY4743 
background were used to characterize growth 
behavior and subpopulation dynamics. The W303- 
1A background was used to evaluate the effects of 
HXK2 overexpression. All growth experiments 
were performed at 30°C using a defined mineral 
medium [see (33) for reference] with required 
amino acid supplements, buffered to pH 5 (30 mM 
sodium citrate/citric acid buffer) and supplemented 
with either 2% galactose (CBS-Gal) or 2% glu- 
cose (CBS-Glu), with additions as indicated. De- 
fined mineral medium plates were made by addition 
of 1% agarose to the growth medium. Plates were 
always incubated for 3 days at 30°C before count- 
ing colonies, unless stated otherwise. Medium lack- 
ing a carbon source (CBS-C) was used as a wash 
and resuspension buffer throughout. 

For '°C tracer experiments, the haploid proto- 
trophic S. cerevisiae strain CEN.PK 113-7D (34) 
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was cultured in an aerobic glucose-limited chemo- 
stat using a low-salt defined medium (35) con- 
taining the following: glucose (8.25 g/liter), ethanol 
(0.39 g/liter), and silicone antifoaming agent 
(0.05 g/liter) (BDH Chemicals), yielding a steady- 
state biomass concentration of 4.0 gpw/liter. Ethanol 
was added to suppress spontaneous oscillations 
(36). The continuous culture was performed in a 
7.0-liter bioreactor with 4.0-liter working volume 
(Applikon) at a dilution rate of 0.1 per hour. Tem- 
perature was set to 30°C, and pH was kept con- 
stant at 5.0 by automated addition of 4.0 M KOH 
(aq). Air was sparged through the culture at a rate 
of 2.0 liter/min, and stirring was set to 800 rpm. 
Steady-state conditions were assumed when, after 
five volume changes, dissolved oxygen, ofF-gas com- 
position, and biomass concentration were stable. 
Biomass dry weight was measured, in triplicate, by 
filtering 5.0-ml broth samples on preweighed and 
predried 0.45-um cellulose membranes (Supor 450, 
Gelman Sciences). Next, the membranes were washed 
with 10.0 ml of demineralized water and placed 
at 70°C to dry (24 hours), before being weighed. 


Strain Constructions 


All yeast transformations were performed accord- 
ing to (37). The pYES-PACT1-pHluorin plasmid 
described in (38) was supplied by G. Smits. The 
plasmids for HXK2 overexpression described in 
(39) were supplied by J. Thevelein. 


Microtiter Growth Experiments 


Growth behavior in response to different carbon 
sources and various perturbing agents was moni- 
tored using 96-well microtiter plates. All inoculums, 
unless stated otherwise, were derived from single 
colony isolates. Glycerol stocks were streaked out 
onto YEP + 2% galactose agar plates (1% yeast 
extract, 2% peptone, 2% agar) and incubated at 
30°C. After 2 to 3 days, single colonies were iso- 
lated directly from the plates and resuspended in 
CBS-C. Optical densities (OD¢o9) were adjusted 
to be in the order of 0.1. Each suspension (bio- 
logical replicate) was divided such that it could be 
subjected to all permutations within a single ex- 
periment. Once carbon sources and, where appli- 
cable, perturbing agents were added, microtiter 
wells were filled with 300 ul of prepared culture, 
and growth was monitored at 600 nm, using either 
a SpectraMax Plus384 (Molecular Devices) or a 
Multiskan GO (Thermo Fischer Scientific) micro- 
plate spectrophotometer. All experiments were 
done with at least two biological replicates per 
condition. All growth profiles are presented as 
the average of biological replicates, unless stated 
otherwise. 


13¢ Tracer Enrichment Experiment and 
Trehalose Cycle Flux Estimations 

Glucose Pulse Perturbations 

Glucose pulse perturbations were performed by 
coupling a BioScope reactor (36) to the chemo- 
stat culture; this facilitated multiple sequential 
perturbations without disturbing the steady-state 
reference culture in the chemostat. The BioScope 
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flow was calibrated to a rate of 0.475 ml/min, 
which allowed for a total sampling time of 5 min 
37 s with samples after —0, 27, 50, 64, 89, 107, 
135, 163, 204, 272, and 337 s. The culture was 
perturbed by the addition of 110 mM glucose to 
the broth flow when entering the BioScope (see 
fig. S15 for an illustration of the experimental 
setup). The sampling time was chosen on the 
basis of a priori expectations of flux dynamics 
through central carbon metabolism and repre- 
sents a trade-off between resolving rapid and slow 
enrichments of the various metabolite pools. With- 
in our system, the main challenge was to ensure 
that the tracer was sufficiently propagated to the 
large trehalose pool while maintaining some 
degree of resolution for the much smaller and 
rapidly labeled upper glycolytic metabolite 
pools. The experiments were performed in du- 
plicate from the same chemostat culture for 
both glucose perturbation (for concentration mea- 
surements) and a perturbation with uniformly la- 
beled °C [U-'’C,]glucose (for labeling enrichment 
measurements). 

Sample extractions, processing, and analysis 
were performed as in (35) and were briefly de- 
scribed below. 


Metabolite Extraction and Sample Storage 


Tubes with 100% methanol (5 ml) were taken 
from the cryostat (—40°C), and 1 ml of broth was 
sampled directly into this quenching solution. 
The biomass is separated from the quenching 
solution by centrifugation. To remove the broth 
supernatant, an additional washing step is included. 
In the case of concentration measurements, Bo 
extract was added. The washed pellet is then 
extracted by the addition of 5 ml of 75% (v/v) 
boiling ethanol. Samples were immediately vor- 
texed and placed in a water bath at 95°C for 
3 min and then returned to the cryostat. Ethanol 
was evaporated using a RapidVap N2 (Labconco). 
The dried residues were stored at —80°C until 
further processing. 


Metabolite Concentration and Mass 
Isotopomer Quantifications 

Mass isotopomer fractions—as well as concentra- 
tions of GOP, fructose 6-phosphate (F6P), glucose 
1-phosphate (G1P), FBP, TOP, uridine diphospho- 
glucose (UDP-glucose), and 6-phosphogluconate 
(6PG)—were determined using anion exchange 
liquid chromatography—tandem mass spectrometry 
(LC-MS/MS) (35). The concentration of ATP was 
determined by ion-pair reversed-phase LC-MS/MS 
(35). Additionally, G6P, F6P, FBP, T6P, and trehalose 
were measured, as methoxime-trimethylsilyl deriva- 
tives, by gas chromatography—MS. The intracel- 
lular concentrations were determined on the basis 
of isotope dilution mass spectrometry (35). Where 
applicable, metabolite values determined by more 
than one platform were combined. 


Hybrid Modeling Approach 


The estimation of intracellular fluxes based on 
the concentration and '°C enrichment data was 
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performed according to the procedure outlined 
by (27). A definition of the network with indi- 
cated C atom transitions that was used to auto- 
matically generate the concentration and labeling 
enrichment balances is shown in table S8; the 
notation introduced by (40) was used. Figure S16 
provides a graphical illustration of reactions and 
metabolite pools included in our analysis. 


Population-Level pHluorin Measurements 


pHluorin-transformed cells (38) (see table $3) 
were inoculated into CBS-Gal and grown over- 
night to an OD¢00 of 0.8 to 1. Cells were collected 
by centrifugation, washed twice with ice-cold 
CBS-C, and resuspended to an OD¢00 of about 1. 
Cell suspensions (200 ul) were transferred to black 
polystyrene clear-bottom 96-well microtiter plates 
(Greiner Bio-One), and pHluorin fluorescence 
emission was measured at 510 nm using an 
Omega FLUOstar microtiter plate spectrofluo- 
rometer (BMG LABTECH GmbH), with excita- 
tion bands of 10 nm centered about 390 and 
470 nm, respectively. Glucose was added to a 
final concentration of 2% by automated injection. 
Additionally, pHluorin signals were collected for 
cultures growing on 2% galactose (OD¢09 ~0.8). 
Calibration curves were constructed exactly 
as described in (38). Background fluorescence 
for a wild-type culture not expressing pHluorin 
was measured in triplicate and subsequently sub- 
tracted from all measurements. The background- 
corrected ratio of emission intensity (Em510390¢x/ 
Em510479ex) was converted to pH by a function 
derived from the constructed calibration curve. 


pHluorin Microscopy 
Sample Preparation and Data Acquisition 


Tps1A cells were grown to an OD¢o9 of about 
0.8. Cells were harvested by centrifugation at 
4000 rpm for 5 min and washed twice in CBS-C. 
Samples were resuspended in CBS-C to an 
OD600 of about 1 and kept on ice until the addi- 
tion of carbon sources. After addition of either 
2% glucose, 2% galactose, or 2% galactose + 
2 mM glucose, cells were incubated on a shaker 
for 30 min at 30°C, whereas microscope slides 
were prepared with 1% agarose pads. Agarose 
was dissolved in CBS-C. Once set, 20 ul of cell 
culture was pipetted directly onto the agarose and 
sealed with a cover slip and VALAP (a mixture 
of equal amounts of Vaseline, lanolin, and paraf- 
fin wax). 

pHluorin fluorescence images were collected 
on a Nikon Ti-E inverted microscope using a CFI 
Plan Apochromat 60 oil immersion objective 
(Nikon Instruments). pHluorin was excited using 
either a 30-mW, 405-nm diode laser or a 90-mW, 
488-nm diode laser from an Agilent MLC400 
laserbox (Agilent Technologies). Both lasers were 
attenuated to 7% of their maximal power using 
an acousto-optical tunable filter. Emission light 
was selected using a 525-nm filter with 45-nm 
band width (Semrock) and recorded on a cooled 
back-illuminated electron-multiplying (EM) charge- 
coupled device camera (iXon DU897, Andor) 
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using exposure times of 100 ms and an EM gain 
of 100 V. 


Image Processing and Data Analysis 


Images were processed and analyzed using ImageJ 
version 1.45s (4/7). General background correction 
was applied by the built-in function, with a rolling 
ball radius of 50 pixels and smoothing enabled. 
False-color images were generated from the ratio of 
emission intensities resulting from excitation at 
405 and 488 nm (Em525405¢x/Em5254ggex)- 


pHluorin Flow Cytometry 
Sample Preparation and Perturbation 


Wild-type and tps/A cells were cultured, har- 
vested, washed, and resuspended as described for 
above for microscopy. Carbon sources (wild type: 
2% Glu or 2% Gal; tps/A: 2% Glu, 2% Gal or 2% 
Gal + 2.5 mM Glu) were added about 45 min 
before data acquisition. In addition, signals for 
cells suspended in CBS-C (unperturbed) were 
also collected about 45 min after resuspension. 
A second set of experiments was performed 
to evaluate whether the presence of ethanol leads 
to the enrichment of the functional steady-state 
fraction of a tps/A population when challenged 
with glucose. Single colonies were picked 
directly from a galactose plates and resuspended 
in CBS-C. Suspension was perturbed as before, 
with either 2% Glu, 2% Gal, 2% Glu + 40 mM 
ethanol, or 2% Gal + 1 mM Glu. Samples not 
expressing pHluorin were always included to 
estimate background fluorescence signals. 


Data Acquisition 


Flow cytometry data were acquired on a CyAn 
ADP 9 Color flow cytometer (Beckman Coulter). 
pHluorin was excited by a 50-mW, 405-nm la- 
ser and a 25-mW solid-state 488-nm laser, re- 
spectively, and emission was detected through a 
530/40-nm filter. Laser voltages were set at a min- 
imum value that displayed the entire unperturbed 
wild-type population on a linearly scaled bivar- 
iate plot. The acquisition limit was 10° events 
per sample. 


Data Analysis 


Raw data files (.fes) were processed and analyzed 
using MATLAB R2012b. Data were extracted 
from FCS (flow cytometry standard) files using 
the fesread.m function, available in the MATLAB 
File Exchange repository (www.mathworks.nl/ 
matlabcentral/fileexchange/8430-flow-cytometry- 
data-reader-and-visualization/content/fcsread.m). 
The channel-specific average background values 
were calculated from samples not expressing 
pHluorin and subtracted from each individual 
data point. In the first set of experiments (Fig. 2C), 
this threshold was 25 times the channel-specific 
background signal, and for the second set of 
experiments (fig. S9), this was 5 times the 
channel-specific background signal. This differ- 
ence is a consequence of lower overall signal in 
the second set of experiments. The chosen thresh- 
olds resulted in an average of about 200,000 


events being retained for each sample, in both 
experiments. 

Fluorescence signals for each event were cal- 
culated as the ratio of emission intensity resulting 
from excitation at 405 and 488 nm (Em53040sex/ 
Em5304ggex). Frequency data (bins = 101) for 
each sample were normalized to sample-specific 
total post-filter events and expressed as percentages. 


Kinetic Modeling 


All models were implemented and analyzed using 
Mathematica 9.0 (Wolfram Research). The time 
simulations were performed with the NDSolve 
function. A steady state is defined as a state, char- 
acterized by the metabolite concentrations, where 
all time derivatives of internal metabolite concen- 
trations are equal to zero. Steady states were 
calculated by solving these equalities with the 
FindRoot function. Metabolite concentrations 
from the time simulations, after 250 simulation 
minutes, were used as initial values for the steady- 
state estimations with the FindRoot function. 

The detailed kinetic model and the core model 
described in this paper are available as supple- 
mentary files in SBML (Systems Biology Markup 
Language) format. In addition, an interactive Web 
application is provided at www.ibi.vu.nl/sysbio/ 
tpsmodel/, and demonstrates the effects of sev- 
eral parameters on the detailed kinetic model. 


Modeling Metabolic Heterogeneity 

Model Variations and Random 

Sampling Descriptions 

The kinetic model, as detailed in (8), was used to 
explore the relationship between initial condi- 
tions and the probability of obtaining a regular 
steady state with a model representing the tps/A 
state. We took enzyme expression levels and 
metabolite concentrations as two sources of 
interindividual metabolic variation in a popula- 
tion. To simulate this heterogeneity, we assumed 
Gaussian distributions for both enzyme expres- 
sion levels (represented by V,,,, values) and 
initial metabolite concentrations. Variance was 
set such that the probability of a sampled value 
deviating more than 20% from the reference 
value is less than 1 in 10°; this equals a coefficient 
of variation (that is, a mean-normalized SD) of 
6.1% (3.29 SDs = mean + 20%, for Gaussian 
distributions). To additionally evaluate the effect 
of ethanol on the probability of reaching a steady 
state, we performed samplings at varying ethanol 
concentrations: 0, 4.3, 10, 21.5, 30, 43, 50, 62.5, 
75, 100, 200, and 500 mM. 

We randomly drew more than 10° unique Vinax 
and initial metabolite concentration sets, at each 
ethanol concentration, and used these as input for 
the kinetic model. We performed a numerical time 
simulation for 250 min and evaluated the system 
to check whether a regular or an imbalanced state 
was obtained. An imbalanced state was defined 
when the final FBP concentration was higher than 
the concentration at 90% of the evaluation time 
(indicating long-term accumulation). In addition, 
to score a viable state, free phosphate concentra- 
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tion >1 mM was used to avoid incorrectly iden- 
tifying zero flux states as vital steady states, a 
scenario that would arise when no free phosphate 
is available to drive FBP accumulation. On the 
basis of the evaluation outcome, each randomly 
drawn data set was categorized and saved. 
Random sampling, time simulations, and 
steady-state evaluations were performed, as above, 
using Mathematica 9.0 (Wolfram Research). 


Discriminant Analysis 


Using the output from the random sampling eval- 
uations, 5000 samples were drawn (randomly) 
from the saved data sets, for both imbalanced and 
regular steady-state solutions, at each ethanol con- 
centration, yielding a data set with 28 variables 
(14 initial metabolite and 14 V,,.x values) and 24 
independent classes (two groups: imbalanced ver- 
sus steady state, at 12 different ethanol concen- 
trations, see above). The discriminant analysis was 
performed with the Ida function of the MASS 
package in the R (version 2.14.2) statistical en- 
vironment (42). 
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Global Anisotropies in TeV Cosmic 
Rays Related to the Sun's Local 
Galactic Environment from IBEX 


N. A. Schwadron,”* F. C. Adams,? E. R. Christian,* P. Desiati,> P. Frisch,° H. O. Funsten,” 
J. R. Jokipii,® D. J. McComas,”? E. Moebius,’ G. P. Zank?? 


Observations with the Interstellar Boundary Explorer (IBEX) have shown enhanced energetic neutral 
atom (ENA) emission from a narrow, circular ribbon likely centered on the direction of the local interstellar 
medium (LISM) magnetic field. Here, we show that recent determinations of the local interstellar velocity, 
based on interstellar atom measurements with IBEX, are consistent with the interstellar modulation 

of high-energy (tera—electron volts, TeV) cosmic rays and diffusive propagation from supernova sources 
revealed in global anisotropy maps of ground-based high-energy cosmic-ray observatories (Milagro, 
Asy, and IceCube). Establishing a consistent local interstellar magnetic field direction using IBEX 
ENAs at hundreds to thousands of eV and galactic cosmic rays at tens of TeV has wide-ranging 
implications for the structure of our heliosphere and its interactions with the LISM, which is 
particularly important at the time when the Voyager spacecraft are leaving our heliosphere. 


our solar system that is carved out by the 

supersonic solar wind—moves through the 
local interstellar cloud (LIC), which is the part 
of the galactic environment surrounding the 
Sun. The heliosphere deflects much of the harm- 
ful cosmic-ray radiation from the local galactic 
environment, thereby regulating the radiation envi- 
ronment throughout the solar system, which likely 
has important implications for Earth’s atmosphere 
and life (/). The Interstellar Boundary Explorer 
(IBEX) recently provided updated values for the 
velocity vector of the heliosphere through the LIC 
(2) and direction for the local interstellar medium 
(LISM) magnetic field (Table 1 and Fig. 1) from 
the center of the IBEX ribbon of energetic neutral 
atom (ENA) emission (3—9). These results show 
that the interstellar flow, after removing the mo- 
tion of the Sun through the local standard of rest 
(LSR), is nearly perpendicular (87.6 + 3.0°) to 
the LISM magnetic field. The LSR describes the 
velocity frame in which the mean motion of the 
oldest stars in the Milky Way in the neighborhood 
of the Sun is zero and is the reference frame in 
which cosmic rays assume near uniformity (in ve- 
locity direction). The local interstellar magnetic 
field direction from the IBEX ribbon center is 


T: heliosphere—the region surrounding 
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within ~33 + 20° of the magnetic field direction 
derived by interstellar polarization data from stars 
within 40 pe (0, 1/). Here, we show that the 
anisotropy maps of high-energy (TeV) cosmic 
rays likely provide independent confirmation of 
the interstellar magnetic field orientation inferred 
from the IBEX ribbon center. 

The flux of high-energy (TeV) galactic cos- 
mic rays (GCRs) varies as a function of look di- 
rection in the sky. The large-scale structure in the 
TeV GCR sky consists of two broad asymmetries 
with flux variations of ~0.2%: a deficit of GCR 
flux at high galactic latitudes (the “loss cone”) 
and an excess of flux in the heliotail (2) direc- 
tion [the “tail-in” excess (/3—2/)]. Small-scale 
TeV anisotropies (<~10°) in cosmic-ray arrival di- 
rections possibly arise from cosmic-ray propaga- 
tion in a turbulent magnetic field (22). Because 
TeV GCRs have gyroradii of <700 astronomical 
units (AUs) (<0.005 parsec or pe; 1 pe = 3 x 


Fig. 1. LIC velocities and LISM 
magnetic field directions. The 
LIC velocities inferred from IBEX (2) 
in the heliocentric (HC; green vec- 


tor) rest frame and the local stan- | Lower 
dard of rest (LSR; black vector) in Centaurus- 
the galaxy. These vectors are shown — Crux (LCC) 


in both the galactic plane (lower 
plane) and the plane containing 
the galactic poles (upper plane) rel- 
ative to the magnetic field of the 
local interstellar medium (LISM; blue 
lines). The LIC velocity and magnetic 
field are a part of the Loop | super- 
bubble roughly centered on the 
Lower Centaurus Crux subgroup of 
the Scorpius-Centaurus Association. 
The cosmic-ray anisotropy (gray vec- 
tor) indicates average streaming of 
cosmic rays. 


x 


108 cm = 200,000 AU) in the LISM, the ob- 
served GCR asymmetries must originate in the 
immediate interstellar environment of the Sun. This 
study extends and builds on increasing knowledge 
of the LISM magnetic field (3, 4, 10, 11, 23, 24) 
and interstellar flow (2, 25-28) to understand the 
origin of the large-scale high-energy (TeV) cosmic- 
ray anisotropy, which has remained uncertain. 
The observed cosmic-ray anisotropy has a num- 
ber of features that may reflect ordering both by 
the entry of cosmic rays into the heliosphere and 
by the interstellar magnetic field. It has been found 
(/3) that the tail-in excess weakens above 10 TeV 
because of the relative sizes of the GCR gyroradius 
and heliotail. Data from underground detectors 
in both hemispheres has led to precise positions 
of the asymmetries (14). Additionally, the under- 
ground muon observatory Super-Kamiokande I 
obtained similar asymmetries for the 10-TeV GCR 
flux, with a deficit toward the constellation of 
Virgo representing the northern galactic deficit, 
and an excess in the direction of the heliotail, 
toward the constellation of Taurus (/5). The direc- 
tion of the Taurus excess is within 29° of the local 
interstellar magnetic field defined by the IBEX 
ribbon (Table 1) and within 23° from the local 
interstellar downwind direction (2). Milagro ob- 
servations in the Northern Hemisphere (/9), in 
combination with IceCube observations in the 
Southern Hemisphere (20), have confirmed that 
the galactic deficit is centered at high galactic 
latitudes and extends into both hemispheres (2/). 
A global GCR anisotropy model constructed with 
unidirectional and bidirectional components and 
applied to results of the Tibet Asy experiment at- 
tributed the bidirectional flow to GCRs drifting 
parallel to the local interstellar magnetic field. 
The cosmic-ray anisotropy, according to stan- 
dard diffusion theory [e.g., (29, 30)], is proportional 
to the average streaming of cosmic rays. Here, 
we take a small [0.3% (3/)] ratio of perpendic- 
ular to parallel diffusion, as well as an interstellar 
flow direction to be nearly perpendicular to the 
magnetic field on the basis of IBEX observations. 


To Galactic North Pole 


20 


To Galactic Center 
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In this parameter regime, cosmic rays are largely 
guided by the interstellar magnetic field because 
both the anisotropic and perpendicular compo- 
nents of the anisotropy (fig. S1) are small com- 
pared to the field-aligned component. 

We consider two scenarios for the formation 
of the cosmic-ray anisotropy. In the first scenario, 
the magnitude of the anisotropy is determined in 
part by spatial gradients in the average cosmic- 
ray density in response to the interstellar flow 
(eq. S6 in supplementary text). For example, an 
outward plasma flow from the center of the Lower 
Centaurus Crux (LCC) cluster (Fig. 1) pushes 
some cosmic rays out of the local interstellar en- 
vironment in which the heliosphere resides. This 
creates a spatial gradient in the cosmic-ray density 
in the direction of the source and flow, which the 
average streaming (gray vector, Fig. 1) of cosmic 
rays tends to oppose. 

The streaming direction of cosmic rays is de- 
termined on relatively small scales (on the scale 
of the cosmic-ray gyroradii, less than 1% of a pc), 
whereas the streaming magnitude is determined 
over much larger scales of tens of pe (32, 33) 


controlled by the scattering (random changes in 
direction) of cosmic rays caused by interactions 
with the turbulent interstellar magnetic field. 

It is important to differentiate (34, 35) be- 
tween the interstellar magnetic field on local scales 
(thousands of AU or ~0.005 to 0.01 pc) and on 
larger (parsec) scales owing to the presence of 
turbulence (36—4/). Turbulence disrupts steady 
flows by random motion. In the interstellar me- 
dium, turbulent motion causes tangling and com- 
plexity in the structure of the interstellar magnetic 
field. The coherence scale length in the interstel- 
lar medium—the approximate distance along which 
the magnetic field appears relatively ordered—is 
typically 1 to 10 pe (37). Hence, the average 
magnetic field direction at these scales could be 
very different than in the vicinity of the helio- 
sphere. At the large field-to-flow angle (87.6 + 
3.0°) found by IBEX (excepting the small region 
within 0.3° of exact perpendicularity, where per- 
pendicular diffusion dominates for the 0.3% ratio 
of perpendicular to parallel diffusion taken here), 
the cosmic-ray density gradient becomes large so 
that the projection of the cosmic-ray streaming 


Table 1. LISM velocity and magnetic field direction. 


Magnitude Galactic Galactic Equatorial right Equatorial 
(km/s) longitude (°) latitude (°) = ascension (°) _— declination (°) 
LISM flow velocity*  23.2+0.3 185.25+0.24 -12.0+0.5 78.5 + 0.6 18.0 + 0.5 
(HC frame) 
LISM flow velocity 18.0 + 0.9 47.9 + 2.9 23.8 + 2.0 267.0 + 3.0 23.2 +3.1 
(LSR framet) 
Interstellar magnetic 210.5+2.6 —-57.1+1.0 48.5+1.5 —21.2 + 1.6 


field* 


*Heliocentric (HC) rest frame (2). 
motion in (54). 


tHeliocentric velocities are converted to the local standard of rest (LSR) using the solar apex 
Field directions and uncertainty inferred from the IBEX highest-energy steps [1.79 and 2.73 keV (55)] in 


which the ribbon maintains coherence and has the largest line-of-sight. 


Observed 
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Fig. 2. TeV cosmic-ray anisotropies compared with predictions. Comparison between observed 
(left) and modeled (right) cosmic-ray relative intensities across the sky (J2000 coordinates). Black 
curves show the magnetic equator with a magnetic field direction derived from the center of the IBEX 
ribbon. On the left, the region below 25°S latitude is the anisotropy map from IceCube with a median 
energy of 20 TeV (18) and above 20°S latitude is the anisotropy map from ASy with 5-TeV median energy 
(15). Similarly, the modeled map (right) at 20 TeV is shown below 25°S latitude and at 5 TeV above 20°S 
latitude. Both portions of the maps are smoothed over 3° to 5°. Labels indicate upwind and downwind 
directions (2), the current locations of Voyager 1 (V1), and Voyager 2 (V2) directions, and the “upfield” 
and “downfield” directions. Downfield is along the LISM magnetic field determined by IBEX in the 
direction closest to the interstellar velocity, and upfield is in the opposite direction. Plots are in equatorial 
coordinates with 0 hours at the right and increasing longitudes toward the left. 
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into the flow plane opposes the interstellar veloc- 
ity. The cosmic-ray gradient in this case depends 
largely on the ratio of perpendicular to parallel 
diffusion. Reduced levels of perpendicular diffu- 
sion cause increased density gradients and thus 
stronger interstellar modulation of cosmic rays. 

The ~0.2% high-energy (TeV) cosmic-ray an- 
isotropy suggests a magnitude for the ratio of 
perpendicular to parallel diffusion of only 0.3% 
(fig. S1). This ratio is compatible with recent re- 
sults (3/7), but an order-of-magnitude smaller than 
the derived ~4% ratio of perpendicular to parallel 
diffusion (4/) based on cosmic-ray lifetimes in the 
galaxy (39). Simulations of cosmic-ray diffusion 
(42) similarly predicted a ratio of perpendicular 
to parallel diffusion of ~2 to 4% at MeV to GeV 
energies, which are lower than the TeV energies 
considered here. The relatively small ratio of per- 
pendicular to parallel diffusion of ~0.3% may be a 
result of lower turbulence levels in the LIC com- 
pared to other portions of the galaxy. 

In our second scenario for the cosmic-ray an- 
isotropy, we consider the contributions of super- 
nova remnants (SNRs) to the local cosmic-ray 
gradient (43-48). A statistical model of cosmic 
rays originating from SNR sources based on the 
temporal and spatial distributions of supernova 
sources (43) suggests that cosmic rays are injected 
locally by different sources and time dependently 
diffuse throughout the galaxy. In the case of the 
convective anisotropy (supplementary text, section 
2), the cosmic-ray gradient is created by steady 
cosmic-ray diffusion against the interstellar flow. 
Therefore, the cosmic-ray gradient driven by SNRs 
depends on the time and spatial distribution of 
SNR sources. Because parallel diffusion in the 
LISM is far more rapid than perpendicular diffu- 
sion, cosmic rays have a strong tendency to stream 
along the interstellar magnetic field. Provided 
that the GCR density gradient along the LISM 
magnetic field has the same sign as that of the 
convective gradient and that the cosmic-ray den- 
sity gradient produces a maximum anisotropy 
magnitude similar to that in observations, the an- 
isotropy associated with diffusion from SNR 
sources has a global morphology similar to that 
of the convective anisotropy (supplementary text, 
section 5). That is, the dominance of parallel dif- 
fusion in the LISM can result in a similar global 
morphology for both the convective anisotropy 
and that driven by SNR sources. 

We developed a model of the LISM magnetic 
field that is deflected around the heliosphere (sup- 
plementary text, section 3) and analyzed its influ- 
ence on high-energy (TeV) cosmic-ray anisotropies. 
We constructed a sky map (Fig. 2) of cosmic-ray 
flux as viewed from the Sun, using Monte-Carlo 
calculations of 10* individual cosmic-ray trajec- 
tories in this perturbed magnetic field structure. 

General ordering about the magnetic equator 
deduced from the IBEX ribbon is apparent in the 
high-energy (TeV) cosmic-ray observations (Fig. 2, 
left). Some features absent in the simulation results 
can be attributed to the model’s lack of interstellar 
turbulence (22) that should cause small-scale 
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anisotropic structures, local GCR acceleration 
that may result in a more defined excess near 
the heliotail (2/7), and asymmetric influences on 
the heliosphere by the interstellar magnetic field 
(49-53). The modeled and observed anisotropies 
show some differences (e.g., the region from right 
ascension = —30 to 90° shows weaker modeled 
than observed anisotropies). 

That a similar ordering of the global cosmic- 
ray anisotropy maps is generated simply by 
taking into account IBEX observations of low- 
energy interstellar neutral atoms to deduce the 
interstellar velocity, and the IBEX ribbon to de- 
duce the local interstellar magnetic field direction 
reveals consistency with independent observations 
across 10 orders of magnitude in particle energy 
(keV energies in the IBEX ribbon compared to 
10-TeV cosmic ray energies). Thus, local inter- 
stellar conditions play a key role in ordering very- 
high-energy (TeV) cosmic rays in the immediate 
interstellar environment of the Sun. 
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Nanoporous BiVO, Photoanodes with 
Dual-Layer Oxygen Evolution Catalysts 
for Solar Water Splitting 


Tae Woo Kim and Kyoung-Shin Choi* 


Bismuth vanadate (BiVO,) has a band structure that is well-suited for potential use as a 
photoanode in solar water splitting, but it suffers from poor electron-hole separation. Here, we 
demonstrate that a nanoporous morphology (specific surface area of 31.8 square meters per gram) 
effectively suppresses bulk carrier recombination without additional doping, manifesting an 
electron-hole separation yield of 0.90 at 1.23 volts (V) versus the reversible hydrogen electrode 
(RHE). We enhanced the propensity for surface-reaching holes to instigate water-splitting chemistry 
by serially applying two different oxygen evolution catalyst (OEC) layers, FEOOH and NiOOH, which 
reduces interface recombination at the BiVO,/OEC junction while creating a more favorable 
Helmholtz layer potential drop at the OEC/electrolyte junction. The resulting BiVO,/FeOOH/NiOOH 
photoanode achieves a photocurrent density of 2.73 milliamps per square centimenter at a 


potential as low as 0.6 V versus RHE. 


-type bismuth vanadate (BiVO,) has re- 
cently emerged as a promising photoanode 
for use in water-splitting photoelectro- 
chemical cells because it absorbs a substantial 
portion of the visible spectrum (bandgap energy, 


~2.4 eV) and has a favorable conduction band 
(CB) edge position very near the thermodynamic 
Hz, evolution potential (7, 2). However, the solar- 
to-hydrogen (STH) conversion efficiency achieved 
with BiVO, to date has been far below what is 


expected because the material suffers from poor 
electron-hole separation yield (,.,) (2-6). Previ- 
ous efforts to improve the sep) of BiVO4 mainly 
focused on doping studies, which were intended 
to improve its poor electron transport properties 
(2, 6-12). 

Here, we demonstrate that a high-surface-area, 
nanoporous BiVO, electrode composed of par- 
ticles smaller than its hole diffusion length can 
effectively increase ¢,¢) without additional dop- 
ing. Furthermore, we investigated the effect of an 
oxygen evolution catalyst (OEC) layer on the in- 
terfacial recombination at the BiVO./OEC junc- 
tion, water oxidation kinetics, and the Helmholtz 
layer potential drop at the OEC/electrolyte junction 
using two different OECs, FEOOH and NiOOH. 
Our understanding of the BiVO,/OEC/electrolyte 
junction resulted in the development of a new 
strategy to serially apply dual layers of OECs that 
can optimize both the BiVO,/OEC and the OEC/ 
electrolyte junctions simultaneously, enabling effi- 
cient utilization of surface-reaching holes for solar 
water oxidation. 


Department of Chemistry, University of Wisconsin—Madison, 
Madison, WI 53706, USA. 
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Nanoporous BiVO, electrodes were prepared 
by first electrochemically depositing BiOI elec- 
trodes and then applying a dimethyl sulfoxide 
(DMSO) solution of vanadyl acetylacetonate 
[VO(acac),]| onto their surface and heating in air 
at 450°C for 2 hours (experimental deatails are 
available in the supplementary materials, ma- 
terials and methods). A schematic overview of 
the synthesis procedure is shown in fig. S1. The 
specific advantage of using BiOI is that its two- 
dimensional (2D) crystal structure enables elec- 
trodeposition of extremely thin plates (~20 nm) 
with sufficient voids between them (Fig. 1A). 
These voids inhibit grain growth of BriVO, dur- 
ing the conversion process, resulting in nano- 
porous BiVO, electrodes. 

In a previous attempt to prepare nanoporous 
BiVO, (/3), we used an NH,OH solution of 
V2Os as the vanadium source, which could not 
easily wet the BiOI surface because air in the 
voids between the BiOI plates renders the surface 
highly hydrophobic (fig. S2). Thus, the distribu- 
tion of VO; was uneven, few BiVO, nucleation 
processes were induced within a single 2D BiOl 
sheet, and the resulting electrodes manifested 
limited porosity (Fig. 1, B and C). The use of 
comparatively hydrophobic VO(acac):/DMSO 
solution overcame this problem and resulted in 
a remarkable increase in surface area. The top- 
view and side-view scanning electron microsco- 
py (SEM) images show the formation of much 
smaller BiVO, nanoparticles (mean particle size = 
76 + 5 nm) (fig. S3) creating a 3D nanoporous 
network (Fig. 1, D to F). 

N> adsorption-desorption-isotherm measure- 
ments show that the nanoporous BiVO, electrode 


Fig. 1. Morphologies 
of nanoporous BiVO, 
electrodes. (A) SEM im- 
age of BiOl. (B and C) 
Top-view and side-view 
SEM images of BiVO, 
electrode prepared using 
NH,OH/V30s, (D to F) Top- 
view and side-view SEM 
images of nanoporous 
BiVO, prepared using 
DMSO/VO(acac)>. 
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contains micropores within BiVO, particles as 
well as mesopores and macropores between BiVO, 
nanoparticles (fig. S4 and table S1) (/4). The 
specific surface area of the nanoporous BiVO, 
electrode was estimated to be 31.8 + 2.3 m?/g 
based on a fitting analysis using the Brunauer- 
Emmett-Teller equation (/4). BiVOy, electrodes 
prepared by using other synthesis methods (such 
as metal organic decomposition, spray deposition, 
or direct electrodeposition of BiVO,) possess lim- 
ited surface areas, and no attempts to measure sur- 
face areas of these samples were reported (2). 

The purity and crystal structure of the nano- 
porous BiVO, electrode (monoclinic scheelite 
structure) were confirmed with x-ray diffraction 
(fig. S5). The bandgap of the nanoporous BiVO, 
electrode was estimated to be ~2.50 to 2.55 eV, 
using ultraviolet-visible absorption spectra (fig. 
S6), which is slightly larger than the bandgap 
of BiVO, samples prepared by other methods 
that result in larger grain composition (~2.4 eV) 
(73, 15). 

The photoelectrochemical properties were 
first examined in the presence of 1 M sodium 
sulfite (Na2SO3), which served as the hole scav- 
enger. The oxidation of sulfite is thermodynami- 
cally and kinetically more facile than oxidation of 
water (//, 13, 15—18), and therefore, measuring 
photocurrent for sulfite oxidation enables inves- 
tigation of the photoelectrochemical properties of 
BiVO, independently of its poor water oxidation 
kinetics. A typical photocurrent-potential (J-V) 
curve of the sulfite oxidation with nanoporous 
BiVO, is shown in Fig. 2A. A very early pho- 
tocurrent onset potential, 0.1 V versus reversible 
hydrogen electrode (RHE), and a rapid increase in 
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photocurrent in the 0.2 V < E versus RHE <0.6 V 
region, representing an excellent fill factor, resulted 
in a photocurrent density of 3.3 + 0.3 mA/cm? 
at a potential as low as 0.6 V versus RHE. The 
incident photon-to-current conversion efficiency 
(IPCE) and the absorbed photon-to-current con- 
version efficiency (APCE) of the nanoporous BiVO, 
at 0.6 V versus RHE are 60 and 72%, respec- 
tively, at 420 nm (Fig. 2B). 

Photocurrent density obtained for sulfite oxi- 
dation was used to calculate $,.,) by using Eq. 1, 
where Jpgc is the measured photocurrent density 
and J; is the photon absorption rate expressed 
as current density, which is calculated assuming 
100% APCE (calculation details are available in 
the supplementary materials, materials and meth- 
ods) (4, 6, 19-21). Jays of the nanoporous BiVO4 
electrode was calculated to be 4.45 mA/cm”. Osep 
is the yield of the photogenerated holes that reach 
the surface, and 0, is the yield of the surface 
reaching holes that are injected into the solution 
species (2/). 

JpEc = Jabs x sep “ ox (1) 
For sulfite oxidation with extremely fast oxidation 
kinetics, surface recombination is negligible, and 
ox is ~1. Therefore, cp is obtained by dividing 
Jpxc by Jabs (Fig. 2A, inset). The result shows that 
the nanoporous BiVO, electrode achieves Occ, = 
0.70 + 0.03 and 0.90 + 0.03 at 0.6 V and 1.23 V 
versus RHE, respectively, which is remarkable 
because a typical 6,., value for a BiVO, photo- 
anode is below 0.3 at 1.23 V versus RHE (4, 6). 
The highest scp achieved recently by Abdi and 
coworkers using gradient doping was ~0.6 at 
1.23 V versus RHE (/2). The hole diffusion length 
of BiVO, was recently reported to be ~100 nm 
when using single-crystal BiVO, (22). The mean 
particle size of BiVO,4 composing the nanoporous 
BiVO, electrode shown in Fig. 1D is 76 + 5 nm 
(fig. S3), and the particle size obtained from the 
XRD peaks (fig. S5) when using the Scherrer 
equation is 27 + 2 nm. Therefore, the nanoporosity 
incorporated into BiVO, electrodes in this study 
appears to be ideal for effectively suppressing 
bulk carrier recombination, resulting in a record 
high sep. 

Photocurrent from the nanoporous BiVO, for 
water oxidation shown in Fig. 3A (black line) is 
considerably lower than the photocurrent for sul- 
fite oxidation (Fig. 2A), indicating that the ma- 
jority of the surface-reaching holes were lost to 
surface recombination because of the poor catalytic 
nature of the BiVO, surface for water oxidation (2). 
To improve water oxidation kinetics, we photo- 
deposited a thin FEOOH or NiOOH layer on the 
nanoporous BiVO, surface as an OEC layer in 
order to assemble BiVO./FeOOH and BiVO,/ 
NiOOH electrodes. Their thicknesses were opti- 
mized so as to maximize photocurrent generation 
(fig. S7). It has been previously demonstrated 
that FeEOOH interfaces well with BiVO, (/3, 15), 
whereas NiOOH is known to be a more active 
OEC than FeOOH (less overpotential required to 
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achieve the same current density) as a dark 
electrocatalyst on a conducting substrate (fig. S8) 
(23-25). 

The photocurrents for water oxidation from 
the resulting BiVO,/FeOOH and BiVO,/NiOOH 
photoanodes were markedly higher than those 
from the bare BiVO, electrode (Fig. 3A and table 
S2), but their photocurrents were still lower than 
that generated for sulfite oxidation at the bare 
BiVO, electrode. This comparison suggested 
that neither BiVO,/FeOOH nor BiVO4/NiOOH 
engages all surface-reaching holes in the oxygen 
evolution reaction, instead losing a portion to 
surface recombination at the BiVO4/OEC junc- 
tion. The interface states formed at the BiVO,/ 
OEC junction can serve as recombination centers 
and cause surface recombination. The fact that 
BiVO,/FeOOH generated higher photocurrent 
than did BiVO,/NiOOH, although NiOOH 
shows faster water oxidation kinetics as an elec- 
trocatalyst, suggests that the interface recombi- 
nation at the BiVO,/NiOOH junction is more 
substantial than that at the BiVO,/FeOOH junc- 
tion. This can be easily confirmed by comparing 
photocurrents for sulfite oxidation by BiVOu,, 
BiVO,/FeOOH, and BiVO,/NiOOH (Fig. 3, B 
and C, and table S3). Because the interfacial hole 
transfer rates for sulfite oxidation on the BiVOx, 
FeOOH, and NiOOH surfaces should be equally 
fast, any difference observed in photocurrents for 
sulfite oxidation by BiVO,4, BiVO4/FeOOH, and 
BiVO,/NiOOH should be mainly due to the re- 
combination at the BiVO,/OEC junction. The com- 
parison shows that photocurrent for B1VO,/ 
FeOOH is very close to that for BiVO4, whereas 
the photocurrent for B1VO,/NiOOH is consider- 
ably lower, which indicates that the interface recom- 
bination at the B1VO,/NiOOH junction is indeed 
more substantial. 

In addition to the interface recombination at 
the BiVO,/OEC junction, slow water oxidation 
kinetics at the OEC/solution junction can cause 
additional surface recombination during water 
oxidation (26, 27). This additional surface re- 


combination can be shown as the difference in 
photocurrent for sulfite oxidation and water oxi- 
dation (Fig. 3, B and C). When the rate of inter- 
facial hole transfer for water oxidation is slower 
than the rate of holes entering the OEC layer, 
holes are accumulated in the OEC layer and at 
the BiVO,/OEC junction, which in turn increases 
the electron current from the CB of BiVO, to the 
OEC layer for surface recombination (27). Be- 
cause FeOOH has slower water oxidation kinetics 
than that of NiOOH, the difference in photo- 
current for water oxidation and sulfite oxida- 
tion is more pronounced for B1VO,/FeOOH than 
BiVO,/NiOOH (Fig. 3, B and C). However, 
when the effects of interface recombination at 
the BiVO,/OEC junction and water oxidation 
kinetics are combined, BiVO,/NiOOH loses more 
surface-reaching holes to surface recombination 
and generates lower photocurrent than does 
BiVO,/FeOOH for water oxidation (Fig. 3A). 

Regardless of more substantial surface re- 
combination, BiVO4/NiOOH shows an earlier 
photocurrent onset and generates higher photo- 
current than does BiVO,/FeOOH in the low bias 
region (E < 0.44 V versus RHE) for water oxi- 
dation (Fig. 3A and table $2). This means that 
BiVO,/NiOOH has a more negative flatband po- 
tential (Epp) than that of BiVO,/FeOOH. The 
photocurrent onset potential for sulfite oxidation 
with fast oxidation kinetics should be very close 
to Epp. The results show that BiVO, has the most 
negative onset potential (0.11 + 0.02 V versus 
RHE), followed by BrVO4/NiOOH (0.12 + 0.02 V 
versus RHE), and then BiVO,/FeOOH (0.18 + 
0.02 V versus RHE) (table S3 and fig. S9A). The 
Eggs obtained by Mott-Schottky plots of BiVO,, 
BiVO,/FeOOH, and BiVO./NiOOH show the 
same trend; BiVO, has the most negative Epp 
(0.10 + 0.03 V versus RHE), followed by B1VO,/ 
NiOOH (0.11 + 0.03 V versus RHE), and then 
BiVO,/FeOOH (0.15 + 0.02 V versus RHE) 
(table S4 and fig. S10). 

It is unlikely that the shift in E¢p is due to the 
change in charge carrier density of BiVO, be- 


cause the addition of an extremely thin OEC layer 
should not affect the doping level or carrier density 
within the BiVO, electrode. This assumption is 
also supported by the comparable slopes in the 
Mott-Schottky plots for these three electrodes at 
each frequency (table $4). Then, the difference in 
Erp should be caused by the change in the 
Helmholtz layer potential drop (Vj), which is the 
only other factor that can affect the Epp, as shown 
in Eq. 2, where ogc is the work function of the 
semiconductor versus vacuum, and 4.5 is the scale 
factor relating the H'/H) redox level to vacuum 
(28). At the BiVO,/electrolyte junction, the domi- 
nant charges that affect the solid side of the 
Helmholtz double layer come from the adsorption 
of H’ and OH ions on the BiVO, surface, which 
depends on the solution pH and the point of zero 
¢ potential (pHpzzp) of BiVO, (Eq. 3) (28, 29). 


Epp (NHE) = osc + Vig — 4.5 (2) 


Vix = 0.059 (pHpzzp — pH) (3) 
The pHpzzp of BiVO, is reported to be between 
2.5 and 3.5, and therefore, Vj; should be negative 
in a pH 7 solution (30, 3/). However, when a thin 
layer of FeEOOH or NiOOH is deposited on 
BiVO,, because the Helmholtz double layer is 
now formed at the OEC/solution junction the Vy 
at the solid/solution interface is no longer deter- 
mined by the PHpzzp of BiVO, but by the PHpzzp 
of the OEC layer. This means that the pHpzzp of 
OEC is an important factor to consider in opti- 
mizing the photoanode/OEC junction because it 
can affect the Ep, of the photoanode. 

The pHpzzp of FeOOH is reported to be 
between 7 and 9 (32, 33). Thus, the resulting 
more positive Vj; at the FEOOH/solution junction 
will shift the Egg of B1VO,/FeOOH positively, 
which is in agreement with the observed shift 
direction of the Egg. The pHpzzp of NiOOH 
cannot be straightforwardly determined because 
chemical composition of NiOOH varies with 
pH. However, it is known that NiOOH has a 
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Fig. 2. Photoelectrochemical properties of nanoporous BiVO, 
electrode for sulfite oxidation. (A) J-V curve of nanoporous BiVO, 
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The pHpzzp of a material depends on its 
specific surface termination and solution compo- 
sition. Therefore, the most reliable estimations of 


negative C potential (~—20 mV) in a pH 7 solu- 
tion (34), meaning that pHpzzp of NiOOH is lower 
than 7, and the Epp of BiVO,/NiOOH is ex- 


pected to be more negative than that of BiVO4/ 
FeOOH, which again agrees with the observed 
Erp shift. 


Fig. 3. Effect of OECs on 
photocurrents for water 
oxidation and sulfite oxida- 
tion. (A) J-V curves of BiVO, 
(black solid line), BiVO,/FeOOH 
(blue), BiVO,/NiOOH (green), 
BiVO,/FeOOH/NiOOH (red), 
and BiVO,/NiOOH/FeOOH 
(pink) for water oxidation 
measured in a 0.5 M phos- 
phate buffer (pH 7) under AM 
15 G illumination. Dark cur- 


the V};s of electrodes discussed in this study can 
be obtained when the ¢ potential measurement is 


51A 


performed by using the electrodes and the solu- 
tion that were used in this study. The € potentials 
measured for our nanoporous BiVO,, BiVO«/ 
FeOOH, and BiVO,/NiOOH in a 0.5 M phosphate 
buffer (pH 7) were —36 +3, -8 +3, and —36 + 
4 mV, respectively. These results indicate that 
the Vis at the B1VO,/solution and the NiOOH/ 
solution junctions should indeed be more nega- 
tive than that at the FEOOH/solution junction. 
On the basis of our new understanding of the 
BiVO,/OEC and the OEC/electrolyte interfaces, 


rent is shown as a dashed line. 0.2 0.4 0.6 0.8 1.0 1.2 we deposited consecutive layers of FEOOH and 
(B to E) LV curves of (B) BiVO,/ E(V) vs. RHE NiOOH, simultaneously optimizing the BiVO./OEC 
FeOOH, (0) BiVOyNIOOH, (D) 51B 5/C and the OEC/electrolyte junctions. The FeEOOH at the 
BiVO,/FeOOH/NiOOH, and (E) BiVO,/OEC junction will reduce the interface 
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paring photocurrent for sul- E 3 electrolyte junction will decrease Vj to achieve a 
fite oxidation (dashed) and more negative Egg for BiVO, while realizing 
water oxidation (solid) mea- £ 2 faster water oxidation kinetics than if FeOOH 
sured with and without the > , was used as the outermost layer. 
presence of 1.0 M Na2SO3 ft! The photocurrent onset for sulfite oxidation 
as hole scavenger. Photocur- a ore 04 06 (fig. S9A and table S3) as well as the Mott-Schottky 
rent for sulfite oxidation by plot (fig. S10 and table S4) of the resulting BiVO,/ 
BiVO, is shown as the black 51D FeOOH/NiOOH photoanode shows that its Epp is 
dashed line for comparison. comparable with that of BiVO,/NiOOH, indicating 
The mean values and SDs_ = 4 f ss 
D that the Ey, of the BiVO, photoanode is indeed 
of photocurrent onset poten- £ 4] fesacd Gy the oll f th OEC 
tials and photocurrent densi- a ater: OY We Pilea OF Hie OMe 
: sre layer. In addition, B1VO,/FeOOH/NiOOH and 
ties are summarized in tables £ 2 : 
$2 and S3. = BiVO,/FeOOH show comparable J-V curves for 
1] J sulfite oxidation, confirming that the BiVO,/FeOOH 
0 Z junction effectively reduces the interface recom- 
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impressive overall performance for water oxi- 
dation, reaching a photocurrent density of 2.8 + 
0.2 mA/cm* at 0.6 V versus RHE (Fig. 3A and 
table S2), which is markedly better than those of 
BiVO,/FeOOH and BiVO,/NiOOH and is al- 
most comparable with the performance of bare 
BiVO, for sulfite oxidation. 

When NiOOH was first deposited on the 
BiVOy, surface and FeOOH was added as the 
outermost layer to form B1VO./NiOOH/FeOOH 
(reversed OEC junction), the resulting Epgs de- 
termined by sulfite photocurrent onset (fig. S9A 
and table S3) and Mott-Schottky plot (fig. S10 
and table S4) are comparable with those of 
BiVO,/FeOOH, again confirming that the Ep: of 
the BiVO, photoanode is affected by the pHpzzp 
of the outermost OEC. Also, the J-V curve for 
sulfite oxidation by BiVO./NiOOH/FeOOH was 
comparable with that by BiVO,/NiOOH, con- 
firming that a BiVO,/NiOOH junction is not fa- 
vorable for interface recombination (Fig. 3, C and 
E). As a result, BiVO,/NiOOH/FeOOH shows the 
lowest photocurrent for water oxidation. These 
results prove that the photocurrent enhancement 
achieved by the BiVO,/FeOOH/NiOOH photo- 
anode for photoelectrolysis of water is truly due 
to the simultaneous optimization of the BiVO,/ 
OEC and OEC/electrolyte junctions, using an op- 
timum dual OEC structure. 

The applied bias photon-to-current efficiency 
(ABPE) of the BiVO,/FeOOH/NiOOH electrode 
calculated by using its J-V curve, assuming 100% 
Faradaic efficiency, is plotted in Fig. 4A (35). 
The maximum ABPE of 1.75% achieved by the 
system is impressive because it is obtained by 
using unmodified BiVOy, as a single photon ab- 
sorber. Moreover, this efficiency is achieved at a 
potential as low as 0.6 V versus RHE, which is a 
highly favorable feature for assembling a tandem 
cell or a photoelectrochemical diode (12, 36, 37). 
The ABPE obtained by using a two-electrode 
system (working electrode and a Pt counter 
electrode), which achieves the maximum ABPE 
of 1.72%, is also shown in fig. S11 (35). The long- 
term stability of BiVO,/FeOOH/NiOOH was 
tested by obtaining a J-t curve. A photocurrent 
density of 2.73 mA/cm’, obtained by applying 
0.6 V between the working and counter electrodes, 
was maintained for 48 hours without showing 
any sign of decay, proving its long-term stabil- 
ity (Fig. 4B). The O2 measurement made by using 
a fluorescence O, sensor confirmed that the 
photocurrent generated at 0.6 V versus counter- 
electrode was mainly associated with O, produc- 
tion (> 90% photocurrent-to-O, conversion effi- 
ciency) (Fig. 4C). The same results were obtained 
when the measurement was performed at 0.6 V 
versus RHE. H> production at the Pt counter 
electrode was also detected with gas chromatography 
(GC) (Fig. 4C). The molar ratio of the produced H,: 
O, was 1.85:1. The slight deviation from the stoi- 
chiometric ratio of 2:1 is due to our imperfect 
manual sampling method of H2 for GC analysis. 

Because this outstanding performance was 
achieved by using simple, unmodified BiVO, 


(no extrinsic doping and no composition tuning) 
as the only photon absorber, further improve- 
ment of the cell efficiency is expected when var- 
ious strategies of tuning compositions or forming 
heterojunctions and tandem cells are used to 
enhance photon absorption and electron-hole 
separation. 
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A Direct Quantitative Measure of 
Surface Mobility in a Glassy Polymer 


Y. Chai,? T. Salez,? J. D. McGraw,** M. Benzaquen,> K. Dalnoki-Veress,?4 
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Thin polymer films have striking dynamical properties that differ from their bulk counterparts. 
With the simple geometry of a stepped polymer film on a substrate, we probe mobility above and 
below the glass transition temperature 7,. Above 7, the entire film flows, whereas below 7, only 
the near-surface region responds to the excess interfacial energy. An analytical thin-film model for 
flow limited to the free surface region shows excellent agreement with sub-7, data. The system 
transitions from whole-film flow to surface localized flow over a narrow temperature region 

near the bulk 7,. The experiments and model provide a measure of surface mobility in a simple 
geometry where confinement and substrate effects are negligible. This fine control of the glassy 
rheology is of key interest to nanolithography among numerous other applications. 


he last decades have seen a considerable 
| interest in the dynamical and rheological 


properties of glassy materials (/, 2). Re- 


cent efforts (7, 3—5) have focused on elucidating 
the nature of glassy dynamics both in the bulk 
and in systems, such as thin films or colloids, 
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where the interfaces play a dominant role and can 
induce strong dynamical heterogeneities. Higher 
mobility near interfaces has often been suggested 
as the cause of anomalous glass transition tem- 
perature (7,) in thin polymer films (3—5). The 
presence of a more mobile surface has practical 
implications for thin-film coatings related to lubri- 
cation, wear, and friction. Flow on a near-surface 
layer can also place strict lower limits on feasible 
length scales for nanolithography (6-8). Although 
earlier investigations provided some contradicto- 
ry conclusions (9, /0), most recent reports are 
consistent with a region of enhanced mobility on 
the surface of glassy polymer films. There have 
also been reports of enhanced surface mobility in 
small-molecule glasses (//, 12). The parallels be- 
tween polymeric and small-molecule glasses sug- 
gest that enhanced surface mobility is a more 
general property of glass-forming materials. Most 
current research efforts have a goal of providing 
a quantitative description, including the temper- 
ature dependence, of the properties of the near- 
surface region. Surface response to nanoparticle 
embedding has been used to probe anomalous 
surface dynamics in both polymeric and small- 
molecule glasses (13-17). That work showed that 
small molecules can flow on the surface, whereas 
larger polymers have enhanced segmental mobil- 
ity but do not flow owing to their larger molecular 
size. Relaxation of an imposed surface topogra- 
phy has been used to demonstrate enhanced mo- 
bility in polymeric (/8—2/) and small-molecule 
systems (//). For small-molecule glasses, the 
enhanced surface mobility is often discussed in 
terms of surface diffusion (22), where the mole- 
cules at the free surface have a diffusion time that 
can be orders of magnitude smaller than the bulk 
value (//, 12). For polymers, the most complete 
description comes from studies of low-molecular- 
weight polystyrene (23). 

The use of capillary leveling as a probe of 
rheology on the nanometer scale (24-26) has been 
successfully used to study polymer rheology for 
films at temperatures much greater than the T, 
value of the polymer. Stepped films were annealed, 
and a decrease in the surface area was monitored 
to probe dissipation of the system’s free energy, 
with a complete quantification of the rheological 
properties (24-26). The low-molecular-weight 
films considered here are sufficiently thin that 
gravitational effects can be ignored, yet thick 
enough that van der Waals interactions result- 
ing in a disjoining pressure can be neglected. 
Gradients in the curvature of the free surface 
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result in Laplace pressure gradients that drive 
viscous flows. When the height gradients are 
sufficiently small, and the typical height of the 
profile is sufficiently smaller than its typical 
width, the flow can be described by the Stokes 
equations in the lubrication approximation (27). 
For homogenous viscous films, the evolution of 
the profile h(x,f) is described by the capillary- 
driven thin-film equation (TFE) (28) 
ah + a(Wen) = 0 (1) 
3b : 
where 1, is the bulk viscosity, y is the surface 
tension, x is the horizontal coordinate, and f is the 
time. The TFE can be solved numerically for a 
stepped initial profile (25), and the solution has 
been shown to converge in time toward a self- 
similar profile in the variable xf '*. 

For the case of films with T < T,, the ma- 
jority of the film is unable to flow. Because pre- 
vious studies have shown an evolution of the free 
surface to minimize surface area and energy in 
polymeric (/8, 79) and nonpolymeric glasses 
(12, 17), there must be some flow localized over 
a thin layer near the free surface. At a given tem- 
perature, we will assume the thickness /,, of this 
mobile layer, with viscosity n,,, to be constant 
(see Fig. 1B). Of course, the present two-layer 
model is an approximation, and one would ex- 
pect a continuous variation from surface to bulk 
dynamics through the sample (29). However, this 
simple description provides a first-order approach 
with a single free parameter, as shown below. In- 
voking Stokes equations in the lubrication approx- 
imation for the surface layer, and assuming no slip 
between the glassy and surface layers and no shear 
at the free surface, leads to 


he, 


O,h 
t T 55 


oh = 0 


(2) 


im 


which we will refer to as the glassy thin-film 
equation (GTFE). It is mathematically identical 
to the linearized TFE. The GTFE thus has an 
exact analytical solution for a stepped initial pro- 
file (26), which is self-similar in the variable xf". 


This solution can be used to extract a single free 


Fig. 1. Schematic dia- 
gram of the simple geom- 
etry and flow regions. 
(A) An as-prepared sam- 
ple at room temperature. 
(B and C) The two flow 
mechanisms discussed in 
the paper. (C) describes 
the evolution of the total 
height profile A(x,f) through 
whole-film flow (TFE) (see 
Eq. 1), and (B) shows the 
evolution of the total height 
profile through flow local- 
ized in a small region near 
the free surface (GTFE) (see 
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parameter describing the flow: yh3,/3mm. The 
form of Eq. 2 is mathematically identical to the 
Mullins model (22) describing the evolution of 
profiles by surface diffusion of molecules. How- 
ever, for flow of macromolecules where all the 
segments must move together, the GTFE inter- 
pretation in terms of surface flow in a layer of size 
hm is more relevant than this collective surface 
diffusion scenario. Figure | displays a schematic 
diagram of the two flow regimes studied. The first 
is for T > T, with homogeneous viscosity (TFE), 
and the second for 7 < T,, where there is only a 
thin layer of mobile fluid atop an immobile glassy 
film (GTFE). The self-similar nature of both Eqs. 
1 and 2 implies that, by fitting their solutions to 
the experimental profiles, one can determine the 
physical quantities of the problem through a 
single free parameter. This method of investiga- 
tion can be carried out with films thick enough 
that chain confinement and polymer-substrate 
effects can be ignored. 

Films were prepared by spin-coating from a 
dilute solution of polystyrene (PS) dissolved in 
toluene onto two types of substrates: silicon (Si) 
with the native oxide layer, and freshly cleaved 
mica substrates. The PS had weight-averaged 
molecular weight M,, = 3.0 kg mol ', and poly- 
dispersity index 1.09 (Polymer Source Inc., Dorval, 
Québec). Samples were annealed at 348 K, which 
is 5 K above bulk 7,, in an oven flushed with dry 
Nj for 12 hours. Films with thickness 42 on mica 
substrates were floated onto the surface of pu- 
rified water in order to separate the films from 
the mica. The previously coated Si substrates, 
coated with PS of thickness /, were then dipped 
into the water and used to pick up the floating 
films. These low-molecular-weight films are frag- 
ile when floating on the water surface and break 
into smaller sections with several straight vertical 
edges. Thus, when transferred, these “float-gaps” 
form perfect steps of height /2 over bottom films 
of height h; (see Fig. 1A). The dilatometric T, of 
independent, annealed flat films on Si was mea- 
sured by ellipsometry. For / = 40 nm, we found 
T, = 343 +2 K. 

We first demonstrate that the stepped film 
samples level at temperatures much less than the 


. 


Eq. 2). The flow region is indicated in blue and is assumed to vanish far below Ty. 


www.sciencemag.org SCIENCE VOL 343 28 FEBRUARY 2014 


995 


Wl REPORTS 


996 


bulk 7,. We performed a simple width evolution 
experiment where three types of stepped polymer 
films were prepared with the same bottom-layer 
thickness, h, = 90 nm, and top-layer thicknesses 
of fy = 14, 23, and 42 nm (see Fig. 1A). The 
stepped films were collectively heated in a Nz 
filled oven and removed after various annealing 
times for measurement at room temperature with 
atomic force microscopy (AFM) (JPK Instruments, 
Berlin). Scan lines were averaged to produce a 
profile, and the width w (see Fig. 1C) was ob- 
tained by fitting this profile to a tanh[x/(w/2)] 
function. Figure 2A shows the temporal evolu- 
tion of w for this series of stepped films at five 
different temperatures. There is an increase with 
time of the width at temperatures as much as 
30 K below the bulk 7, value. This indicates 
enhanced mobility in the glassy film. Further- 
more, as suggested by both Eqs. 1 and 2, the 
width varies as w = (at)'* at all temperatures, 
where a is a factor that depends a priori on tem- 
perature and initial geometry. This 1/4 power law 
demonstrates the existence of a capillary-driven 
flow both above and below 7,. By analogy with 
the scaling analysis of Stillwagon and Larson 
(30), a simple determination of the effective vis- 
cosity Ne of the sample can be obtained by the 
vertical offset between the lines in Fig. 2A, using 
Net & a |. The effective viscosity corresponds to 
the viscosity of the sample calculated as if flow 
occurs in the entire film, within the lubrication 
approximation. For a given geometry, it is then 
possible to compare the neg values obtained at all 
temperatures to one, No, at a particular reference 
temperature 7p, to get a relative measure of the 
effective viscosity of the entire film. Setting J = 
Tz, Fig. 2B shows the relative effective viscosity, 
aueta = a,/a, for all film geometries. The solid 
line in this plot is the Vogel-Fulcher-Tammann 
(VFT) law for PS (3/). When T > T,, the temper- 
ature dependence of the effective viscosity agrees 
quantitatively with the bulk VFT law. How- 
ever, for 7< T,,, there is significant deviation away 
from this line. There are two ways in which this 
difference can be interpreted: Either (i) the entire 
film flows with viscosity reduced below that 
predicted by the VFT law (either because the 
viscosity is reduced from the bulk one or be- 
cause the bulk viscosity deviates from the VFT 
law for T < T,), or (ii) the assumption of whole- 
film flow is invalid. 

To distinguish between these two possibilities, 
we turn to a more quantitative investigation based 
on the TFE and GTFE. Stepped polymer films 
with h, = hz =90 nm were used. Typically, AFM 
images were collected over a square region of 
size ~1 um by | um for glassy samples and up to 
~50 um by 50 um for melt samples. This mea- 
surement was repeated until the shape of the profile 
was self-similar in the variable xf ' or, for cases 
of the two temperatures in the transition region, 
until a sample was heated for a total of 90 hours. 
All AFM measurements were carried out at room 
temperature. For the TFE (see Eq. 1) and GTFE 
(see Eq. 2), the long-time solutions have been 


shown to be self-similar in the variable xt‘ 
(24-26). Therefore, if we plot the film height h(x,4) 
as a function of xf '* for several times, the pro- 
files should superimpose. Figure 3, A and B, shows 
a number of measured profiles over a large time 
window, both for temperatures below T, (left) 
and above T, (right). Figure 3, C and D, shows that 
the profiles are indeed self-similar. Although the 
data obeys this self-similarity for 7< 7, and T> T,. 
there are important differences between the two 
temperature regimes. In particular, the shapes 
of the self-similar profiles are different. See, for 
example, Fig. 3, C and D, where one can see 
that above 7, the magnitude of the bump (first top 
oscillation) is larger than that of the dip (first bot- 
tom oscillation). Below T,, it is similarly evident 
that the bump and dip extrema are equal in mag- 
nitude. To be more precise, above T, these fea- 
tures depend quantitatively on /, and /2, whereas 
below T, the surface flows without sensitivity to 
the substrate for the considered thicknesses. In 
the latter case, samples with same / but different 
h, show bumps and dips that are all equal in 
magnitude (fig. S1). This simple qualitative fea- 
ture of the profiles shows that it is the surface 
alone that flows below T,. Fits of the sub-7,, pro- 
files to solutions of both the TFE and GTFE 
quantitatively highlight the differences. The left 
plots of Fig. 3 are for 7< T,. The blue solid line 
in Fig. 3C is a best fit of the self-similar experi- 
mental profile to the GTFE analytical solution 
(26). The residuals of the fit are also shown as a 
blue solid line in Fig. 3E. The red dashed line 
in Fig. 3E corresponds to the fit of the sub-7, 
data to the TFE numerical solution (25). In the 
sub-T, case, the experimental profiles are thus 
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much better described by the GTFE than by the 
TFE, as the residuals are much lower and do 
not exhibit the systematic variation seen in the 
dashed residuals. Similarly, the experimental 
data on the right side of Fig. 3 are for T> T, and 
are much better represented by the TFE than by 
the GTFE. 

Because the TFE and GTFE correspond to 
different physical pictures, we can define a single 
metric, x, for the goodness of fit to each model. x 
is used to characterize the transition from where the 
system is best described by whole-film flow to 
where it is best described by surface flow over 
thickness /,,. We define this quantity by the cor- 
relation function 


9 

_ |dc(hexp — hire) 
2 

|dx(horre — hrre) 


(3) 


where /pxp is the self-similar experimental pro- 
file, Aypp is the numerical solution (25) of the 
TFE, and /gtrg is the analytical solution (26) of 
the GTFE. This function equals 1 if the experi- 
mental data are exactly described by the GTFE 
solution and 0 if the experimental data are exactly 
described by the TFE solution. Figure 4 shows 
the temperature dependence of y as well as the 
temperature dependence of the thermal expansiv- 
ity dh/dT derived from ellipsometry measurements 
for an independent flat 87-nm-thick film. This 
type of ellipsometry data is often used to find the 
dilatometric 7, value in thin films (4), and in this 
case gives rise to T, = 343 + 2 K. It is remarkable 
that y(7) undergoes an abrupt transition at a 
temperature indistinguishable from the bulk T, 
value. This means that the system undergoes 
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Fig. 2. Temporal evolution of the width of stepped films and temperature dependence of the 
effective viscosity. (A) The temporal evolution of the width w (see Fig. 1C), obtained by fitting the profile 
to a tanh[x/(w/2)] function, for hy = 90 nm and hz = 42 nm, at temperatures near the bulk 7, = 343 K. 
The dashed lines have slope 1/4. (B) Effective viscosities (see definition in text) normalized to the one at 
To =T, for a given geometry, for films with hy = 90 nm and hz as indicated. Errors are comparable to 


the symbol size. 
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a sharp transition from bulk flow to surface- 
dominated flow as the temperature is lowered 
through the bulk 7, value. The transition temper- 
ature should be interpreted as the one below 
which most of the film exhibits no flow on the 
90-hour time scale. 

Polystyrene is a model glass-forming mate- 
rial, and through our measurements, we should be 
able to probe other aspects of the glassy dynamics. 
In particular, while the data shown in Fig. 4 are 
for profiles having reached steady state or after 
90 hours of annealing, whichever occurs first, we 
can measure the time dependence of the shape of 
the profile at temperatures near the transition. For 
temperatures in this range, we might expect to see 
evidence of the time-dependent mechanical prop- 
erties of the glassy material. In particular, glass- 
forming materials behave like elastic solids on 
short time scales and like viscous materials on 
much larger time scales. We thus might expect 
that for short times the system would behave like 
a glassy material, with flow only occurring in the 
surface region and the profile well described by 
the GTFE, and for long times the system would 
be well characterized by flow of the entire film 
with a profile well described by the TFE. The 
inset shows the temporal evolution of y for the 
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particular 343 K and 348 K data, which lie in 
the transition region. For the case of 7= 343 K, the 
initial x value is near 1, meaning that the system 
is initially dominated by flow localized in a sur- 
face region. As the system evolves in time, this 
correlation decreases, and the system becomes 
less well described by the GTFE. The sample at 
T = 348 K shows even more striking behavior. 
In this case, one can see that over a period of 3 x 
10° s the system goes from being well described 
by flow localized in the surface region (x ~ 1), to 
being well described by flow in the entire film 
(x ~ 0). In this transition region, because the shape 
of the profile is changing from glass-like to fluid- 
like, the profiles cannot be self-similar over a 
large time window. 

The time dependences of x at T = 343 and 
348 K show that the height profiles can be used 
to monitor the system as it changes from glass- 
like to liquid-like behavior. This also implies that 
we could probe in a single sample more than one 
temperature, as long as we waited for the profile 
to reach a self-similar state at each temperature. 
The data shown with diamond symbols in Fig. 4 
show that a single sample, with a film thickness 
large enough so that chain confinement and sub- 
strate effects can safely be neglected, can exhibit a 
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Fig. 3. Height profiles and fits below and above T,. In both the glassy (left) (7 = 333 K) and melt 
(right) (T = 353 K) cases, the top (A and B) shows the temporal evolutions of experimental profiles with h, = 
hz = 90 nm; the center (C and D) are the collapsed experimental profiles (white squares) showing 
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self-similar behavior in the variable xt“ *; and the bottom (E and F) demonstrates the goodness of fit 
of each collapsed profile to either the TFE numerical solution or the GTFE analytical solution. In (C), 
(D), (E), and (F), the blue solid line corresponds to the GTFE and the red dashed line corresponds to 


the TFE. 
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transition from bulk flow to surface flow. This 
thickness range can also be used for molecular 
glasses where other experiments requiring thinner 
films would not be appropriate, because dewetting 
is too rapid above T,. 

The numerical fits to the data can be used to 
extract meaningful physical parameters. In both 
the TFE and GTFE cases, there is a single free 
horizontal stretching parameter that determines 
the fit of the self-similar experimental profile to 
the dimensionless theoretical solution. Knowing 
the tabulated (32) surface tension y, the GTFE 
fitting parameter (see Eq. 2) gives the surface 
mobility /3,/(3mm), and the TFE fitting pa- 
rameter (see Eq. 1) gives the bulk viscosity np. 
As amore direct comparison, we plot the GITFE 
mobility /3,/(3mm) and the average TFE mo- 
bility (hy + 2) /(3n,) on the single composite 
plot of Fig. 5. The result is consistent with that 
of Yang et al. (23) but with two differences in the 
methodology: We use films that are thick enough 
to prevent chain confinement and substrate ef- 
fects, and we have the possibility of using a single 
sample to obtain the entire curve. The solid line 
is obtained from using the bulk VFT law for PS 
of the same M,, (31). The agreement we obtain 
for T > T, (left side of Fig. 5) is consistent with 
the previous success of the stepped-film tech- 
nique in polymer melts (24). Of more importance 
for the present work is the sub-7, mobility (right 
side of Fig. 5), for which we observe a strong 
deviation from the bulk VFT law. In this tem- 
perature range, the single-fit parameter 13, /(3mm) 
combines the two relevant physical quantities 
of the mobile surface layer: its size and viscosity. 
Using reasonable constraints, we now estimate 
each parameter individually. For any flow to 
occur, the size of the surface region has to be large 
enough so that the polymer molecules fit into it. 
Molecules larger than the surface region size 
will have segments in the glassy region and will 
thus be unable to flow. For PS with M,, = 3 kg 
mol ', the root-mean-squared end-to-end dis- 
tance of the molecule satisfies (Rez)rms~ 3 nm, 
and we can use this as a first estimate for the 
surface region size that is similar to the one in 
(33, 34). This length scale coupled with the data 
in Fig. 5 suggests a surface viscosity of Nm ~ 2 * 
10° Pa- s at 323 K. We note that we used only an 
estimate for ,,, and the subsequent estimated 
value of jm 1s very sensitive to this chosen thick- 
ness. In particular, the constraint 4, > (REE)RMs 
may be too strong, as this is an average of the 
molecular size, and it is only necessary that 
there is a significant fraction of the molecules 
that have all segments in the surface region in 
order to have surface flow. Alternatively, if we 
used the value of /,, ~ 1 nm suggested as a lower 
limit in (77), we would predict a surface viscosity 
of 7.7 x 10° Pa - s at 323 K, which is 20 K below 
T,. This surface viscosity is more than 3 orders of 
magnitude lower than the bulk viscosity at 7,. 
Finally, the observed linear trend (in log-lin scale) 
of Fig. 5 below 7, allows us to infer an Arrhenius 
behavior of the surface mobility below 7,, with 
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activation energy E, ~ 337 + 20 kJ mol, in 
agreement with existing literature (18, 20, 23). 

In conclusion, by employing the stepped-film 
geometry and analyzing the resulting flow, we 
report quantitative evidence for the existence of a 
thin layer of liquid-like material at the free sur- 
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face of glassy, low-molecular-weight polystyrene 
films. The sample thicknesses and preparation are 
such that annealing effects, chain confinement, 
and substrate effects can be neglected. The tran- 
sition from whole-film flow to flow localized in 
a thin surface layer has been measured and ob- 
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Fig. 4. Temperature dependence of the correlation function and thermal expansivity. The 
correlation function (7) defined in Eq. 3 is given by the green square and black diamond symbols (left 
axis) for samples with h, = hz = 90 nm. The thermal expansivity for an independent flat 87-nm sample is 
given by the purple triangles (right axis). The black diamond symbols are (7) for a single sample that was 
held first for 90 hours at T < 7,, then measured and heated to T > 7, until the self-similar profile was 
reached. The inset shows the temporal evolution of y for T = 343 K and 348 K data that lie in the 
transition region (blue circles are for T = 343 K; orange diamonds are for T = 348 K). Error bars are 


indicated once for each subplot. 
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Fig. 5. Temperature dependence of the mobility. This figure is made of two subplots representing 
hy =h2 = 90-nm samples. The mobility H?/(3n) is determined by a fit to either the analytical GTFE solution 
(blue circles) or the numerical TFE solution (red squares), with n and H as defined in the legend. 


served to occur sharply at the bulk 7, value. For 
temperatures inside the transition region, we were 
able to measure time-dependent evolutions from 
glassy to liquid behavior. This technique provides 
an opportunity to accurately follow the transition 
from surface flow to bulk flow within a single 
sample. Below T,, a fit to the measured profile 
gives a surface mobility parameter /3,/(31,) that 
can be used to estimate a surface viscosity. In 
particular, we obtain nm ~ 10° Pa- s at 20 K 
below T,. Independent determination of either 
the size h,,(7) of the surface region or its vis- 
cosity N(7) would allow a complete determi- 
nation of the temperature-dependent properties 
of the near-surface region. 
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Rapid Thinning of Pine Island Glacier 
in the Early Holocene 


J. S. Johnson,?*¢ M. J. Bentley,27+ J. A. Smith,” R. C. Finkel,®* D. H. Rood,?>+ K. Gohl,® 
G. Balco,’ R. D. Larter,? J. M. Schaefer”? 


Pine Island Glacier, a major outlet of the West Antarctic Ice Sheet, has been undergoing rapid 
thinning and retreat for the past two decades. We demonstrate, using glacial-geological and 
geochronological data, that Pine Island Glacier (PIG) also experienced rapid thinning during the 
early Holocene, around 8000 years ago. Cosmogenic ?°Be concentrations in glacially transported 
rocks show that this thinning was sustained for decades to centuries at an average rate of more 
than 100 centimeters per year, which is comparable with contemporary thinning rates. The most 


likely mechanism was a reduction in ice shelf buttressing. Our findings reveal that PIG has 
experienced rapid thinning at least once in the past and that, once set in motion, rapid ice sheet 


changes in this region can persist for centuries. 


sector dominates the contemporary contribu- 

tion to sea level from the West Antarctic Ice 
Sheet (WAJS) (/, 2). Pine Island Glacier (PIG) 
(Fig. 1A) in particular is currently experiencing con- 
siderable acceleration, thinning, and retreat (3-6). 
This has raised concerns over how much ice will 
be lost to the ocean before the ice stream stabi- 
lizes (5-8). Satellite altimetry measurements show 
an increase in rates of thinning of ice close to the 
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Fig. 1. Location of study area. (A) Map of the Amundsen Sea Embayment, 
showing location of the study area. The grounded ice sheet is shown in dark gray, 
and ice shelves are shown in light gray. (Inset) The location within Antarctica. The box 
shows the area covered by (B). (B) Map of Pine Island Bay, showing flow velocities 
(31) of Pine Island Glacier and the unnamed outlet glacier flowing through the 
Hudson Mountains, overlaid on Landsat Image Mosaic of Antarctica imagery (gray 
scale). Contours are in meters. The grounding line is indicated by the solid black line, 
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PIG grounding line from 1.2 to 6 m year | be- 
tween 2002 and 2007 (4, 9). In addition, thinning 
has been detected 150 km upstream of the ground- 
ing line (0). The pattern of change is best ex- 
plained by a dynamic response to increased influx 
of warm water to the cavity under the ice shelf at 
the glacier front (J/—14). However, the record 
of change—and our understanding of dynamic 
changes—over longer time scales of centuries 
to millennia is still limited. Consequently, there 
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is considerable uncertainty associated with mod- 
el projections of the future evolution of PIG and 
hence the rate and timing of future ice loss (/5). 
The geological record provides evidence of styles 
and rates of past ice sheet change that can pro- 
vide constraints on the bounds of possible fu- 
ture change (/6). In the PIG region, the existing 
geological record consists largely of marine ge- 
ological data describing grounding line retreat 
across the continental shelf (7 7—2/). In contrast, 
little is known about the terrestrial thinning 
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and the crest of the sub—ice shelf ridge (7) is indicated by the dashed white line. The 
yellow circle indicates marine sediment core site PS75/214-1, which constrains 
grounding line retreat (before 11.7 + 0.7 ka) from Pine Island Bay (21). 
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history of PIG (22) or how the ice stream evolved 
through the Holocene to the onset of present-day 
thinning. 

Here, we report detailed glacial-geological 
evidence from the Hudson Mountains (Fig. 1B) 
for rapid thinning in the PIG system ~8 thousand 
years ago (ka). We studied two nunataks, Mount 
Moses and Maish Nunatak, located close to the 
northern margin of PIG within 50 km of its 
present grounding line (Fig. 1B). An unnamed 
outlet glacier flows through the Hudson Moun- 
tains and feeds into Pine Island Glacier ice shelf 
(Fig. 1B). In common with many of the ice shelf 
tributary glaciers along the Amundsen Sea coast, 
the outlet glacier is presently thinning rapidly (at 
a rate of 80 to 150 cm year ') (fig. S1) (4). At 
times when the PIG grounding line was beyond 
Evans Knoll (~45 km seaward of its current 
position) (Fig. 1B), the glacier would have been a 
tributary to PIG, and thus, changes in its elevation 
provide a proxy for past elevation changes of 
PIG. In this way, the Hudson Mountains pro- 
vide a “dipstick” record of PIG thinning during 
formerly more advanced positions. 

Glacial deposits at both sites consist of scattered 
erratic cobbles and boulders of granitic lithology 
resting on basaltic bedrock (fig. $2) (23). High- 
sensitivity '°Be surface exposure dating (24) was 


undertaken on 12 erratics collected between 0 
and 142 m above the present ice surface on the 
two nunataks (fig. S3). Details of chemical pro- 
cedures, isotopic data, and age calculations are 
given in (23) and tables S1 to S3. All but one 
sample—whose anomalously old exposure age 
(~15,800 years) (table S2) we attribute to rework- 
ing of a previously exposed cobble—yielded 
early Holocene 'Be ages, in a narrow time in- 
terval from 6.0 + 0.2 to 8.1 0.3 ka (Fig. 2, A, B, 
and C). At Maish Nunatak, exposure ages at all 
elevations—a range of 100 m—are indistinguish- 
able. At Mount Moses, the three highest samples 
yielded exposure ages that are not only indistin- 
guishable over an elevation range of 60 m but are 
also indistinguishable from the ages at Maish 
Nunatak. By “indistinguishable,” we mean that 
we cannot reject the hypothesis that the scatter 
of each group of ages around the mean results 
from measurement uncertainty alone (table S3) 
(23). We interpret the ages as a record of thinning 
of the outlet glacier flowing through the Hudson 
Mountains. Given that an ice surface cannot lower 
infinitely fast, samples at higher elevations must 
have been exposed for longer than were samples 
at lower elevations. Our observation of indistin- 
guishable exposure ages over a wide elevation 
range from two nearby nunataks can therefore 
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only be explained by ice-sheet thinning that was 
sufficiently rapid to expose the samples instanta- 
neously with respect to the precision of their ex- 
posure ages. 

In order to determine the thinning rate at our 
sites, we fitted separate linear age-elevation mod- 
els to the data from each nunatak (23). Less than 
20 km upstream of the modern grounding line, 
modeled thinning rates that best fit the exposure 
age data are 112 and 167 cm year ' (Fig. 2D). Our 
uncertainty analysis shows that these cannot be 
distinguished from contemporary thinning rates 
(fig. S1). The early Holocene thinning rates are 
thus sufficiently high that they imply ice-dynamic 
change rather than thinning resulting from changes 
in accumulation and ablation. We infer that pre- 
vious rapid thinning of the PIG system must have 
been sustained for several decades, and possibly 
centuries; our uncertainty analysis indicates 95% 
confidence that rapid thinning lasted longer than 
25 years (23). If we assume that the early Holo- 
cene thinning was monotonic, the results of our 
fitting procedure suggest that by 7.9 ka, the ice 
sheet surface at Maish Nunatak had lowered to its 
present-day elevation, and rapid thinning at Mount 
Moses had ended (fig. S4). The Maish Nunatak 
data place some constraint on the onset of con- 
temporary thinning. If present rapid thinning rates 


T 150 


° 
i=} 


Elevation above modern ice (m) 
a 
Oo 


0 


the exposure age data, 
and the bundles of light- 
er lines show age-elevation 


L n L n L L L 
5,000 5,500 6,000 6,500 7,000 7,500 8,000 8,500 


Maish Nunatak 


i 1 
9,000 9,500 10,000 
Exposure age (yr) 


L L L L L 
5,000 5,500 6,000 6,500 7,000 7,500 8,000 8,500 9,000 9,500 10,000 


Exposure age (yr) 


300 


relationships generated by 160 ion ’ . a‘ 

the Monte Carlo uncertain- a yet 4 Cc pian D 

tyanalysis (23). (C) Rela = er vet | oso b als 

tionship between *°Be — F joo| aa , 

exposure ages fromboth & le Mt Moses: 167 cm yr 

nunataks. (Inset) Repre-  § too} Be 1 
4 coer A c we 

sentative thinning rates 8 sol Temyr S Maish Ntk: 112 cm yr” 

on same axes. One sam-  & 5 150 

ple from Maish Nunatak 3 ,| Mt Moses ire 

with an anomalously old Maish Nunatak vool 

age (~15,800 years) isnot 5 ao} Mt Moses eS 

shown because its age & 

likely reflects prior cos- 3 °F 50f 1 

mic ray exposure (16). ol —e— oo 

(D) Uncertainty distri- ; : : : , ‘ i L 1 0 ; ——— 

butions for thinning rates 5,000 5,500 6,000 6,500 7,000 7,500 8,000 8,500 9,000 9,500 10,000 10° 10! 102 403 10+ 10° 


for each nunatak, derived 
from Monte Carlo sim- 


ulations. Dashed lines are best-fit thinning rates. Histogram bins are log- 
arithmically spaced for clarity. 95% of the Monte Carlo results fell between 
8 and 590 cm year * for the period of rapid thinning at Mount Moses, and 
between 13 and 550 cm year * for thinning at Maish Nunatak. In (A) to 


Exposure age (yr) 


between them. 


Thinning rate (cm yr *) 


(D), the uncertainty distributions do not include systematic uncertainty on 
10Be production rate; errors in estimating production rate would act to 
shift the entire array of ages equally, without changing the relationship 


28 FEBRUARY 2014 VOL 343 SCIENCE www.sciencemag.org 


have been sustained for several decades, then the 
ice surface must have been considerably higher 
when it started. However, if the ice surface was 
even a few meters above present for a substantial 
period of the late Holocene, then we would ob- 
serve erratics with much younger exposure ages at 
sites adjacent to the modern ice surface than those 
at higher elevations. Given that this is not the case, 
if the ice surface was above these samples between 
7.9 ka and recent decades, it can only have been so 
for a time comparable with the precision of the 
exposure ages (~100 years). Thus, the most likely 
scenario consistent with our data is that the ice 
surface was near its present elevation (or possibly 
lower, because our observations cannot detect pe- 
riods of thinner ice) between 7.9 ka and the onset 
of contemporary thinning. 

The high thinning rates determined from our 
exposure ages imply an ice-dynamic change because 
drivers such as a decrease in accumulation rate or 
increase in atmospheric temperature would produce 
a slower response. Marine geological and geo- 
physical studies show that the PIG grounding line 
had retreated to within, but had not stabilized at, 
112 km of its present position (the core site is 
shown in Fig. 1B and fig. S5) by 11.7 + 0.7 ka 
(21), and that a ridge beneath PIG ice shelf (Fig. 
1B and fig. S5) acted as a pinning point for the 
grounding line before the 1970s (7). Therefore, 
potential hypotheses for the mechanism of an 
early Holocene ice-dynamic change could be (i) 
rapid migration of the PIG grounding line result- 
ing from decoupling from a topographic high or (11) 
reduction in ice shelf buttressing. 

First, we discuss the effect of subglacial 
topography. This can influence the style of ice 
stream retreat—for example, by providing topo- 
graphic highs on which pinning can occur (25) 
and by constraining ice stream width (26, 27). 
Although the marine geological data constrain 
retreat of the grounding line landward from the 
core site to the sub—ice shelf ridge only to some- 
time between 11.7 ka and the 1970s, they do not 
preclude that the retreat was associated with in- 
land thinning at ~8 ka. However, there are no 
topographic highs seaward of the sub-ice shelf 
ridge where the grounding line might have been 
pinned after 11.7 ka (fig. S5) and from which 
detachment could have triggered the dynamic 
thinning inland. Therefore, although grounding 
line retreat may have been associated with the 
early Holocene thinning, decoupling of the PIG 
grounding line from a topographic high [hy- 
pothesis (i)] is unlikely to have been the trigger 
for it. 

Alternatively, thinning may have been the 
consequence of reduction in buttressing by an ice 
shelf. Marine sediments have been used to infer 
the presence of an ice shelf across the middle 
shelf of the Amundsen Sea before ~10.6 + 0.3 ka 
(fig. SSA) (19). Although the available chrono- 
logical data cannot resolve when that ice shelf 
finally retreated into inner Pine Island Bay, one 
study suggests that it persisted there until ~7 ka 
(79). Glaciers in the Amundsen Sea Embayment 


and elsewhere in Antarctica have responded to 
recent ice shelf thinning with acceleration of 
flow, grounding line retreat, and thinning (/4). 
Similarly, subsequent retreat or weakening (such 
as by thinning) of a buttressing ice shelf in Pine 
Island Bay could have triggered the dynamic 
thinning in the Hudson Mountains at ~8 ka. 
Reduction in ice shelf buttressing would most 
likely have been initiated by enhanced basal 
melting in response to inflow of warm Circum- 
polar Deep Water, as is suggested to account for 
present thinning (//). We favor hypothesis (ii) as 
the most likely mechanism for early Holocene 
ice-dynamic change, but we cannot rule out more 
complicated mechanisms. For example, it is pos- 
sible that thinning of the outlet glacier may be 
related to its separation from PIG. 

These results have implications for under- 
standing how the Pine Island—Thwaites sector of 
the WAIS is likely to evolve in coming decades 
to centuries. The knowledge that PIG has pre- 
viously undergone sustained dynamic thinning, 
followed by relative stabilization over several 
millennia before the onset of contemporary thin- 
ning, suggests that the PIG system can respond 
quickly to environmental change by abrupt, dis- 
continuous, and stepwise retreat. Continued thin- 
ning may lead to an even more dramatic response 
ifa dynamic threshold, such as a critical ice shelf 
thickness or ice flow rate, is exceeded. In addi- 
tion, the rate and magnitude of early Holocene 
thinning is consistent with model-based estimates 
of future PIG thinning sustained over the coming 
century (28, 29), a time scale over which the mag- 
nitude of sea-level rise most concerns policy- 
makers. In a wider context, the pattern of abrupt 
past thinning of PIG contrasts with evidence for 
slower and steadier Holocene deglaciation of oth- 
er regions of the WAIS (/6, 30), hinting that a 
considerable part of any WAIS contribution to 
sea-level rise in the early Holocene may have 
come from its Amundsen Sea sector. 

The data presented here demonstrate that thin- 
ning of PIG at a rate comparable with that over 
the past two decades is rare but not unprecedented 
in the Holocene. Moreover, in contrast to pre- 
vious glacial-geological work in Antarctica that 
has provided average thinning rates only over mil- 
lennial time scales, our data are precise enough to 
show that rapid thinning of PIG was sustained for 
at least 25 years, and most likely for much longer. 
These data provide a long-term context for con- 
temporary thinning of PIG, suggesting that on- 
going ocean-driven melting of PIG ice shelf can 
result in continued rapid thinning and ground- 
ing line retreat for several more decades or even 
centuries. 
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Promoter-Bound Trinucleotide Repeat 
mRNA Drives Epigenetic Silencing 
in Fragile X Syndrome 


Dilek Colak,? Nikica Zaninovic,” Michael S. Cohen,?* Zev Rosenwaks,2 Wang-Yong Yang,” 
Jeannine Gerhardt,* Matthew D. Disney,? Samie R. Jaffrey’t 


Epigenetic gene silencing is seen in several repeat-expansion diseases. In fragile X syndrome, 
the most common genetic form of mental retardation, a CGG trinucleotide—repeat expansion 
adjacent to the fragile X mental retardation 1 (FMR1) gene promoter results in its epigenetic 
silencing. Here, we show that FMR1 silencing is mediated by the FMR1 mRNA. The FMRI mRNA 
contains the transcribed CGG-repeat tract as part of the 5’ untranslated region, which hybridizes 
to the complementary CGG-repeat portion of the FMR1 gene to form an RNA-DNA duplex. 
Disrupting the interaction of the mRNA with the CGG-repeat portion of the FMR1 gene 

prevents promoter silencing. Thus, our data link trinucleotide-repeat expansion to a form 

of RNA-directed gene silencing mediated by direct interactions of the trinucleotide-repeat RNA 


and DNA. 


absence of the fragile X mental retardation 

protein (FMRP), which is encoded by the 
fragile X mental retardation 1 (FMR1) gene on 
the X chromosome (/). Impaired FMRP expres- 
sion is caused by an inherited CGG trinucleotide— 
repeat expansion adjacent to the FMR/ promoter 
(2). FMR] alleles that contain >200 CGG repeats 


Fe= X syndrome (FXS) results from the 


Fig. 1. The FMR1 transcript and its CGG-repeat 
tract are required for FMR1 silencing. (A) FMR1 
mRNA is required for FMRZ silencing in differentiat- 
ing FXS hESCs. shRNA-expressing lentivirus was applied 
at day 1, and histone marks at FMR1 promoters were 
measured at day 60. FXS hESCs expressing control 
shRNA showed high levels of transcriptionally repres- 
sive marks (H3K9me2) and low levels of transcrip- 
tionally active marks (H3K4me2). FMR1-specific 
shRNA prevented the appearance of repressive marks 
and maintained the expression of transcriptionally 
active marks (n = 4 per condition). ES, hESCs; WB, 
Western blot; APRT, adenine phosphoribosyltransferase; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
CRYST, crystallin. (B to D) The CGG-repeat RNA-binding 
small molecule 1a blocks FMR1 silencing. Differen- 
tiating FXS hESCs treated with 10 uM 1a did not lose 
FMRP (B) or FMR1 mRNA (C) (n = 3 per condition) 
and retained active FMR1 promoters (D) (n = 3 per 
condition). Data are means + SEM. Statistical anal- 
ysis was performed using Student's f test (two-tailed 
distribution, **P < 0.01, ***P < 0.001). When com- 
paring different cell lines, we considered the sam- 
ples as two samples with unequal variance. When 
comparing different conditions on the same cell 
line, we considered the samples as two samples with 
equal variance. 
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undergo epigenetic silencing of the FMRI pro- 
moter at ~11 weeks of gestation (2-4). It remains 
unclear how the CGG-repeat expansion leads to 
gene silencing. 

The mechanism of gene silencing in FXS has 
been particularly difficult to dissect. Transgenes 
containing expanded CGG-repeat FMRI alleles 
are not silenced in cell lines or mice (5). Further- 


more, overexpression of expanded CGG-repeat 
sequences is complicated by sequence instability 
in plasmids (6). Recently, human embryonic 
stem cells (hnESCs) harboring an FMR7 allele with 
>200 CGG repeats (FXS hESCs) were shown to 
undergo FMR/ gene silencing upon differentiation 
(7). The switch from active FMR/ gene expression 
to FMRI silencing in FXS hESCs resembles the 
switch that occurs in FXS embryos (4), which pro- 
vides an in vitro system to study FMRI silencing. 
To monitor FMR/ silencing, we used two FXS 
lines, WCMC-37 and SI-214 (8, 9) (referred to 
throughout the text as FXS-1 and FXS-2, respec- 
tively); each contains >400 CGG repeats (fig. 
S1). We monitored FMR/ silencing after induc- 
ing neuronal differentiation over 60 days (fig. S2). 
In neurons derived from FXS hESCs, FMRP and 
FMRI mRNA were readily detected until ~48 days, 
at which point the levels dropped and were absent 
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by day 51 (fig. S3 to $5). The FMRI promoters 
in the undifferentiated FXS hESC lines contain 
high levels of histone H3 dimethylated on lysine 
4 (H3K4me2, associated with gene expression) 
and low levels of histone H3 dimethylated on 
lysine 9 (H3K9me2, associated with gene repres- 
sion) (fig. S6). However, in differentiated FXS 
cells, the FMRI/ promoter switched to the repres- 
sive H3K9me2 mark, with a concomitant reduc- 
tion in the levels of H3K4me2 (fig. S6). Taken 
together, these data indicate that the loss of FMRP 
and FMRI mRNA in FXS hESC lines corre- 
lates with the epigenetic silencing of the FMRI 
promoter. 

The expanded CGG repeat influences DNA 
structure, which may be recognized by pathways 
that induce epigenetic silencing (/0). However, 
the expanded CGG repeat is also transcribed as 


the 5’ untranslated region (UTR) of the FMR1 
mRNA, which makes it possible that the mRNA 
could induce promoter silencing. We therefore 
tested whether the FMR/ transcript is required for 
silencing. Knockdown of FMRI mRNA in FXS 
hESCs prevented differentiation-induced FMRI 
silencing, as measured by the retention of transcrip- 
tionally active histone marks at the FMR/ promoter 
(Fig. 1A). The effect of the FMRI/-specific short 
hairpin RNAs (shRNAs) was not due to knock- 
down of a previously described antisense FMR/ 
transcript that partially overlaps with the FMRI 
mRNA (//) (fig. S7B). These data indicate that the 
FMR1 transcript is required for FMRI silencing. 

CGG repeats in mRNA form a hairpin struc- 
ture (/0) (fig. S7C), which may be unfolded and 
linearized in order to mediate FMR/ silencing. 
To test the role of the mRNA CGG repeat in 


REPO 


FMR! gene silencing, we used la, a small mol- 
ecule that selectively binds the repeating G-G 
internal loops in the RNA hairpin and inhibits its 
thermal melting (/2) (fig. S7D). Application of la 
(10 uM) throughout the differentiation prevented 
differentiation-induced FMR/ silencing in FXS 
hESCs (Fig. 1, B to D, and fig. S8). Application 
of the structurally related control compound If 
(10 uM), which does not bind CGG repeats (/2), 
did not affect FMRI silencing. The effect of la 
was not due to impaired differentiation, as the la- 
treated cells expressed the neuronal marker B-IIT 
tubulin (fig. S9). Together, these data suggest that 
linearization of the CGG-repeat hairpin in the 
FMRI transcript is required for silencing. 

Dicer processes CGG-repeat RNAs into small 
RNAs in vitro (/3) and may contribute to FMRI 
silencing (/4). However, knockdown of Dicer, 


Fig. 2. FMR1 mRNA interacts with 
the FMR1 promoter in a CGG repeat— 
dependent manner. (A) Schematic rep- 
resentation of ChIRP technique [adapted 
from (15)]. RNA (green) and protein 
complexes (pink) are cross-linked to 
the DNA (gray) in cells by glutaraldehyde. 
The cell lysate is sonicated to shear DNA 
to ~500 bp. Streptavidin beads (purple) 
are used to pull down biotinylated oligo- 
nucleotides hybridized to RNA. Bound 
DNA sequences are detected by qPCR. 


(B) FMR1 mRNA interacts with the FMR1 
promoter. FMR1 mRNA bound to the 
FMR1 gene was measured by ChIRP at 
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controls. (C) The CGG-repeat portion of the transcript is required for the binding of FMR1 mRNA to the FMR1 gene. FMR1 binding to the FMR1 gene was markedly 
reduced in FXS hESC-derived neurons cultured in the presence of 1a. The control compound 1f did not block the FMR1 transcript-FMR1 gene interaction. Data 
are means + SEM; Student's t test (two-tailed distribution, **P < 0.01, ***P < 0.001). Different conditions on the same cell line were considered as two samples 
with equal variance; different cell lines were considered as two samples with unequal variance. 
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FXS neurons. (B and C) 1a prevents FMR1 silencing. In FXS 


neurons, application of 1a during days 31 to 60 of differentiation was suf- 
ficient to maintain FMR1 mRNA levels [(B), quantitative reverse transcrip- 
tion polymerase chain reaction (qRT-PCR), n = 4 per condition], high levels 
of H3K4me2 and low levels of H3K9me2 histone modifications [(C), chro- 
matin immunoprecipitation, n = 4 per condition]. Control hESCs were un- 


equal variance. 


affected by 1a. Application of 1a (10 uM) during days 1 to 30 of differentiation 
failed to prevent FMR1 silencing (see fig. $12). Data are means + SEM; 
Student's t test (two-tailed distribution, **P < 0.01, ***P < 0.001). Dif- 
ferent conditions on the same cell line were considered as two samples with 
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Agol, or Ago2 did not prevent differentiation- 
induced FMRI silencing (fig. S10). Thus, FMR 
silencing does not require a Dicer-directed pathway. 

We next asked if the FMR/ transcript directs 
silencing by binding, directly or indirectly, to the 
promoter. To test this, we measured FMR/ mRNA 
binding to the FMRI gene using the chromatin 
isolation by RNA purification (ChIRP) technique 
(Fig. 2A) (/5, 76). After cross-linking endogenous 
RNA to its binding partners, we pulled down 
FMRI mRNA using biotinylated oligonucleo- 
tides that hybridize along the length of the tran- 
script. The amount of FMR/ promoter pulled 
down was quantified by quantitative polymerase 
chain reaction (qPCR) with promoter-specific 
primers. In control hESC-derived neurons, there 
was minimal FMR/ transcript bound to the FMR/ 


A Probe sets: 1-5 6-10 


promoter at any time point during differentiation 
(Fig. 2B and fig. S11). Similarly, in FXS hESC- 
derived neurons at 12, 24, 36, and 60 days, mini- 
mal FMR/ transcript was bound to the promoter 
(fig. S11). However, at 45 days in FXS hESC- 
derived neurons, FMRI mRNA was readily detect- 
able on the FMR/ promoter (Fig. 2B). Linearization 
of the CGG hairpin is required for binding of the 
FXS FMRI mRNA to the FXS FMR/ promoter, 
as treatment of both FXS hESC lines with 1a, but 
not 1f, reduced binding of the FMR/ RNA to the 
promoter during differentiation (Fig. 2C). 

The length of the CGG-repeat tract is the 
major determinant for FMR/ gene silencing (/7). 
Normal alleles (less than 55 repeats) and “pre- 
mutation” alleles (55 to 200 repeats) do not lead 
to FMR/ silencing (/7). We therefore asked if the 


11-15 16-20 21-25 


FMRI transcript binds to the FMR/ promoter in nor- 
mal and premutation lines. In normal (~30 repeats) 
and premutation (70 and 73 repeats) hESC lines 
(fig. S1), the FMR/ transcripts were not bound to 
the promoter (Fig. 2B). Thus, the lack of FMR/ 
silencing in normal and premutation hESC lines 
may reflect the absence of FMR/ mRNA binding 
to the promoter. 

To more precisely define the temporal sen- 
sitivity of FMR/ silencing to la, we selectively 
applied 1a during days 1 to 30 (fig. S12) or 31 to 
60 of differentiation (Fig. 3). Only application of 
la during days 31 to 60 blocked silencing (Fig. 
3). Similarly, application of FMR1-specific shRNA 
during days 31 to 60 also prevented differentiation- 
induced silencing (fig. S13). These data suggest that 
FMRI mRNA does not trigger gene silencing dur- 
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Fig. 4. The CGG-repeat portion of the FMR1 mRNA hybridizes to the 
complementary region of the FMR1 DNA. (A) Schematic of the hybridi- 
zation sites of the different biotinylated-oligonucleotide sets used to pull down 
sheared RNA in ChIRP experiments (see methods for further details on probe 
design). (B) The 5’ UTR portion of the FMR1 transcript binds to the FMIR1 gene. 
ChIRP was performed using the probe sets shown in (A). Only probes that bind 
the CGG repeat—proximal portion of the FMR1 transcript pulled down the FMR1 
promoter in FXS neurons (n = 4 per condition). (C) The FMRI transcript binds to 
the CGG-repeat portion of the FMRI gene. To determine where the FMR1 mRNA 
binds on the FMR1 gene, we measured the ChIRP signal along a 1200-bp region 
both upstream and downstream of the genomic CGG repeat. The positions of the 
primers used to amplify portions of the FMRI gene (blue) are indicated (red 
arrows) (referred to as bp relative to the 5’ or 3’ end of the CGG repeat). The 


ChIRP signal was highly enriched adjacent to the genomic CGG repeat (n = 3 per 
condition) (see also fig. $16). (D) The FMIR1 mRNA binds to the FVIR1 DNA ina 
protein-independent and RNase H—sensitive manner. The binding of the control 
noncoding-RNA TERC to its target promoters (CyclinD1 and c-Myc) was abolished 
after trypsin treatment (n = 3), whereas the binding of the FMRI transcript to the 
FMRI gene was unaffected by trypsin in FXS hESC-derived neurons (n = 3 per 
condition). In contrast, RNase H treatment only blocked the FMRI ChIRP 
signal (n = 3 per condition). RNase A-RNase H treatment, which digests all 
RNA, is used as a control to demonstrate the RNA-dependence of the ChIRP 
signal. Data are means + SEM; Student's t test (two-tailed distribution, *P < 
0.05, **P < 0.01, ****P < 0.0001). Different conditions on the same cell line 
were considered as two samples with equal variance; different cell lines were 
considered as two samples with unequal variance. 
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ing the first 30 days but is required in the second 
30-day period when it binds to the FMR/ gene and 
leads to gene silencing. 

We next asked whether FMR/ gene silencing 
can occur after the 48- to 51-day time point of the 
differentiation protocol. In these experiments, we 
inhibited FMR silencing by culturing differentiat- 
ing FXS hESCs in the presence of 1a for 60 days. 
Withdrawal of la for 10 days triggered FMRI 
silencing (fig. S14), which suggests that sustained 
la treatment is required to maintain FMR/ in the 
transcriptionally active state. The small molecule 
la appears to function to prevent silencing, rather 
than reverse silencing, as application of 1a to cells 
with an already silenced FMRI promoter did not 
reverse silencing (fig. S15). 

We next mapped the part of the FMR/ tran- 
script that binds to the FMR/ gene. To do this, we 
performed ChIRP using biotinylated primers that 
hybridize to different regions of the FMR/ tran- 
script (Fig. 4A). Primers that hybridize adjacent 
to the CGG repeat pulled down the FMR/ pro- 
moter, whereas primers directed elsewhere along 
the FMR] transcript resulted in markedly reduced 
pull down (Fig. 4B). Together with the finding that 
1a blocks the binding of FMR mRNA to the FMRI 
gene, these data suggest that the CGG-repeat re- 
gion of the FMR/ transcript interacts with the 
FMRI gene. 

We next mapped the part of the FMR/ gene 
that is bound to the FMR mRNA. In our pre- 
vious ChIRP experiments, we measured the bind- 
ing of the FMR/ mRNA to a portion of the FMRI 
promoter that lies 92 to 196 base pairs (bp) up- 
stream of the CGG-repeat sequence. To more 
precisely define the binding site, we measured the 
ChIRP signal both upstream and downstream of 
the genomic CGG-repeat sequence in differentiat- 
ing FXS hESCs. Because of the high G/C content 
of the repeat sequence, binding to this region can- 
not be tested. We found that the ChIRP signal was 
detectable on both sides of the ~1200-bp genomic 
CGG repeat and is markedly reduced at sites away 
from the repeat (Fig. 4C). This pattern of binding 
is consistent with the genomic CGG-repeat se- 
quence being the binding site for the FMR7 mRNA 
(see fig. S16). 

Some noncoding RNAs have been shown to 
interact with promoters indirectly through a pro- 
tein intermediate (/8). To determine if FMRI 
mRNA binds to its promoter through a protein 
intermediate, we performed ChIRP experiments, 
except we treated the cross-linked lysate with 
trypsin to digest any protein intermediates. For the 
control TERC noncoding RNA (/5), the binding 
to its target promoters was abolished after trypsin 
treatment (Fig. 4D). However, FMRI mRNA bind- 
ing to the FMRI gene was not affected by trypsin 
(Fig. 4D). 

We next asked if FMRI mRNA binds to the 
FMRI gene by forming an RNA*DNA hetero- 
duplex. To test this, we used ribonuclease H 
(RNase H), which selectively degrades RNA hy- 
bridized to DNA. Treatment of the cross-linked 
DNA fragments with RNase H selectively pre- 


vented the pull down of the FMR/ promoter but 
did not affect the TERC pull downs (Fig. 4D). 
These data indicate that FMR/ mRNA binds the 
F'MR1 gene through a direct RNA*DNA duplex 
and does not require a protein intermediate. 

The FMRI mRNA CGG repeat may bind to 
the complementary CCG portion of the DNA that 
becomes accessible while it is being transcribed. 
Indeed, transcription through G-rich sequences 
causes stalling in vitro and in vivo (/9, 20). Con- 
ceivably, the nascent FMR] CGG-repeat RNA 
interacts with the template strand of the unwound 
DNA to form a RNA*DNA duplex that is highly 
stabilized by its G/C content. This would require 
that the CGG-repeat sequence in the RNA ac- 
hieves a sufficient length to reach back and interact 
with the DNA and may contribute to the require- 
ment for >200 CGG repeats for silencing. In ad- 
dition, the length of the resulting RNA*DNA 
duplex may need to be of sufficient length to 
activate downstream pathways that induce FMR/ 
silencing. 

The initial step in FMR/ silencing is the binding 
of the FMR/ mRNA to the genomic repeat. The 
inability of the FMR transcript to bind to the 
DNA before day 45 may relate to DNA accessi- 
bility during transcription. The expression of di- 
verse DNA helicases, which are known to regulate 
DNA accessibility (27, 22), is reduced during hESC 
differentiation (23). Conceivably, helicase activity 
may contribute to the temporal interaction of FMR/ 
mRNA and DNA. However, the exact mechanisms 
underlying the temporal nature of FMR/ silenc- 
ing remain unknown. 

The formation of the FMRI RNA*DNA duplex 
coincides with the initiation of epigenetic silenc- 
ing in the FMR/ gene. Because this causes a drop 
in FMRI mRNA expression, subsequent main- 
tenance of FMRz/ silencing is unlikely to be FMRI 
mRNA-dependent. It remains to be determined 
which mechanisms maintain epigenetic silenc- 
ing of FMR/ throughout the patient’s lifetime. 

FXS hESCs allow the characterization of the 
endogenous FVMR/ transcript transcribed from 
the endogenous promoter. This is important be- 
cause RNA-directed gene silencing frequently 
occurs in cis with the nascent transcript affecting 
a promoter within the gene locus (24). Indeed, 
only FMR and not other CGG repeats in the 
genome are silenced in FXS (25). Thus, rather 
than overexpressing CGG-repeat RNAs, which 
is complicated by plasmid instability, pharmaco- 
logic targeting of the endogenous CGG repeat 
provides insight into its role in promoter silencing. 

Our data demonstrate that an mRNA can 
mediate promoter silencing and links trinucleo- 
tide repeat expansion to a novel form of RNA- 
directed promoter silencing. Epigenetic changes 
are seen in diverse repeat-expansion diseases 
(26, 27). The prevalence of repeat expansion— 
associated epigenetic changes raises the possi- 
bility that aspects of the mRNA-directed gene 
silencing pathway described here may contrib- 
ute to gene expression alterations in other repeat- 
expansion diseases as well. 
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Phonetic Feature Encoding in Human 
Superior Temporal Gyrus 


Nima Mesgarani,** Connie Cheung,’ Keith Johnson,” Edward F. Chang*t 
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During speech perception, linguistic elements such as consonants and vowels are extracted from 
a complex acoustic speech signal. The superior temporal gyrus (STG) participates in high-order 
auditory processing of speech, but how it encodes phonetic information is poorly understood. We used 
high-density direct cortical surface recordings in humans while they listened to natural, continuous 
speech to reveal the STG representation of the entire English phonetic inventory. At single electrodes, 
we found response selectivity to distinct phonetic features. Encoding of acoustic properties was 
mediated by a distributed population response. Phonetic features could be directly related to tuning for 
spectrotemporal acoustic cues, some of which were encoded in a nonlinear fashion or by integration of 
multiple cues. These findings demonstrate the acoustic-phonetic representation of speech in human STG. 
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Fig. 1. Human STG cortical selectivity to speech sounds. (A) Magnetic 
resonance image surface reconstruction of one participant's cerebrum. Elec- 
trodes (red) are plotted with opacity signifying the t test value when com- 
paring responses to silence and speech (P < 0.01, t test). (B) Example 
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meaning (e.g., /b/ and /d/ as in bad versus dad) 
(/). The superior temporal gyrus (Brodmann area 
22, STG) has a key role in acoustic-phonetic pro- 
cessing because it responds to speech over other 
sounds (2) and focal electrical stimulation there 
selectively interrupts speech discrimination (3). 
These findings raise fundamental questions about 
the representation of speech sounds, such as 
whether local neural encoding is specific for pho- 
nemes, acoustic-phonetic features, or low-level 


7] 


el e2 e3 


spectrotemporal parameters. A major challenge 
in addressing this in natural speech is that cor- 
tical processing of individual speech sounds is 
extraordinarily spatially discrete and rapid (4—7). 

We recorded direct cortical activity from six 
human participants implanted with high-density 
multielectrode arrays as part of their clinical eval- 
uation for epilepsy surgery (8). These recordings 
provide simultaneous high spatial and temporal 
resolution while sampling population neural activ- 
ity from temporal lobe auditory speech cortex. 
We analyzed high gamma (75 to 150 Hz) cortical 
surface field potentials (9, 10), which correlate 
with neuronal spiking (//, /2). 

Participants listened to natural speech sam- 
ples featuring a wide range of American English 
speakers (500 sentences spoken by 400 people) 
(73). Most speech-responsive sites were found in 
posterior and middle STG (Fig. 1A, 37 to 102 sites 
per participant, comparing speech versus silence, 
P<0.01, t test). Neural responses demonstrated a 
distributed spatiotemporal pattern evoked during 
listening (Fig. 1, B and C, and figs. S1 and S82). 

We segmented the sentences into time-aligned 
sequences of phonemes to investigate whether 
STG sites show preferential responses. We esti- 
mated the mean neural response at each electrode 
to every phoneme and found distinct selectiv- 
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sentence and its acoustic waveform, spectrogram, and phonetic transcription. 
(C) Neural responses evoked by the sentence at selected electrodes. z score 
indicates normalized response. (D) Average responses at five example electrodes 
to all English phonemes and their PS! vectors. 
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ity. For example, electrode el (Fig. 1D) showed 
large evoked responses to plosive phonemes /p/, 
/t/, /k/, /o/, /d/, and /g/. Electrode e2 showed 
selective responses to sibilant fricatives: /s/, /{/, 
and /z/. The next two electrodes showed selec- 
tive responses to subsets of vowels: low-back 
(electrode ¢3, e.g., /a/ and /au/), high-front vowels 
and glides (electrode e4, e.g., /i/ and /j/). Last, 
neural activity recorded at electrode e5 was se- 
lective for nasals (/n/, /m/, and /n/). 

To quantify selectivity at single electrodes, we 
derived a metric indicating the number of pho- 
nemes with cortical responses statistically dis- 
tinguishable from the response to a particular 
phoneme. The phoneme selectivity index (PSI) 


is a dimension of 33 English phonemes; PSI = 0 
is nonselective and PSI = 32 is extremely selec- 
tive (Wilcox rank-sum test, P < 0.01, Fig. 1D; 
methods shown in fig. S3). We determined an 
optimal analysis time window of 50 ms, centered 
150 ms after the phoneme onset by using a pho- 
neme separability analysis (f-statistic, fig. S4A). 
The average PSI over all phonemes summarizes 
an electrode’s overall selectivity. The average PSI 
was highly correlated to a site’s response mag- 
nitude to speech over silence (r= 0.77, P< 0.001, 
t test; fig. SSA) and the degree to which the 
response could be predicted with a linear spec- 
trotemporal receptive field [STRF, r = 0.88, P < 
0.001, ¢ test; fig. SSB (/4)]. Therefore, the ma- 
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jority of speech-responsive sites in STG are se- 
lective to specific phoneme groups. 

To investigate the organization of selectivity 
across the neural population, we constructed an 
array containing PSI vectors for electrodes across 
all participants (Fig. 2A). In this array, each column 
corresponds to a single electrode, and each row 
corresponds to a single phoneme. Most STG elec- 
trodes are selective not to individual but to specif- 
ic groups of phonemes. To determine selectivity 
patterns across electrodes and phonemes, we 
used unsupervised hierarchical clustering analy- 
ses. Clustering across rows revealed groupings of 
phonemes on the basis of similarity of PSI values 
in the population response (Fig. 2B). Clustering 
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Fig. 2. Hierarchical clustering of single-electrode and population 
responses. (A) PSI vectors of selective electrodes across all participants. Rows 
correspond to phonemes, and columns correspond to electrodes. (B) Cluster- 
ing across population PSls (rows). (C) Clustering across single electrodes (col- 
umns). (D) Alternative PSI vectors using rows now corresponding to phonetic 
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features, not phonemes. (E) Weighted average STRFs of main electrode clus- 
ters. (F) Average acoustic spectrograms for phonemes in each population clus- 
ter. Correlation between average STRFs and average spectrograms: r = 0.67, 
P <0.01, t test. (r= 0.50, 0.78, 0.55, 0.86, 0.86, and 0.47 for plosives, fricatives, 
vowels, and nasals, respectively; P < 0.01, t test). 
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Fig. 3. Neural encoding of vowels. (A) Formant frequencies, F1 and F2, for 
English vowels (F2-F1, dashed line, first principal component). (B) F1 and F2 
partial correlations for each electrode’s response (**P < 0.01, t test). Dots (elec- 


across columns revealed single electrodes with 
similar PSI patterns (Fig. 2C). These two analy- 
ses revealed complementary local- and global- 
level organizational selectivity patterns. We also 
replotted the array by using 14 phonetic features 
defined in linguistics to contrast distinctive artic- 
ulatory and acoustic properties (Fig. 2D; phoneme- 
feature mapping provided in fig. S7) (/, /5). 

The first tier of the single-electrode hierarchy 
analysis (Fig. 2C) divides STG sites into two dis- 
tinct groups: obstruent- and sonorant-selective elec- 
trodes. The obstruent-selective group is divided 
into two subgroups: plosive and fricative elec- 
trodes (similar to electrodes e1 and e2 in Fig. 1D) 
(16). Among plosive electrodes (blue), some were 
responsive to all plosives, whereas others were 
selective to place of articulation (dorsal /g/ and /k/ 
versus coronal /d/ and /t/ versus labial /p/ and /b/, 
labeled in Fig. 2D) and voicing (separating voiced 
/b/, /A/, and /g/ from unvoiced /p/, /t/, and /k/; 
labeled voiced in Fig. 2D). Fricative-selective 
electrodes (purple) showed weak, overlapping se- 
lectivity to coronal plosives (/d/ and /t/). Sonorant- 
selective cortical sites, in contrast, were partitioned 
into four partially overlapping groups: low-back 
vowels (red), low-front vowels (orange), high-front 
vowels (green), and nasals (magenta) (labeled in 
Fig. 2D, similar to e3 to e5 in Fig. 1D). 

Both clustering schemes (Fig. 2, B and C) re- 
vealed similar phoneme grouping based on shared 
phonetic features, suggesting that a substantial por- 
tion of the population-based organization can be 
accounted for by local tuning to features at sin- 
gle electrodes (similarity of average PSI values 
for the local and population subgroups of both 
clustering analyses is shown in fig. S8; overall 
r = 0.73, P < 0.001). Furthermore, selectivity is 
organized primarily by manner of articulation dis- 
tinctions and secondarily by place of articulation, 
corresponding to the degree and the location of 
constriction in the vocal tract, respectively (/6). 
This systematic organization of speech sounds is 
consistent with auditory perceptual models posit- 
ing that distinctions are most affected by manner 
contrasts (17, 18) compared with other feature 
hierarchies (articulatory or gestural theories) (/9). 


Response partial 
correlation with F1 


We next determined what spectrotemporal 
tuning properties accounted for phonetic feature 
selectivity. We first determined the weighted av- 
erage STRFs of the six main electrode clusters 
identified above, weighting them proportional- 
ly by their degree of selectivity (average PSI). These 
STRFs show well-defined spectrotemporal tuning 
(Fig. 2E) highly similar to average acoustic spec- 
trograms of phonemes in corresponding popula- 
tion clusters (Fig. 2F; average correlation = 0.67, 
P< 0.01, ¢ test). For example, the first STRF in 
Fig. 2E shows tuning for broadband excitation 
followed by inhibition, similar to the acoustic spec- 
trogram of plosives. The second STRF is tuned to 
a high frequency, which is a defining feature of 
sibilant fricatives. STRFs of vowel electrodes show 
tuning for characteristic formants that define low- 
back, low-front, and high-front vowels. Last, STRF 
of nasal-selective electrodes is tuned primarily to 
low acoustic frequencies generated from heavy 
voicing and damping of higher frequencies (/6). 
The average spectrogram analysis requires a priori 
phonemic segmentation of speech but is model- 
independent. The STRF analysis assumes a linear 
relationship between spectrograms and neural re- 
sponses but is estimated without segmentation. 
Despite these differing assumptions, the strong 
match between these confirms that phonetic fea- 
ture selectivity results from tuning to signature 
spectrotemporal cues. 

We have thus far focused on local feature se- 
lectivity to discrete phonetic feature categories. 
We next wanted to address the encoding of con- 
tinuous acoustic parameters that specify phonemes 
within vowel, plosive, and fricative groups. For 
vowels, we measured fundamental (FO) and for- 
mant (Fl to F4) frequencies (/6). The first two 
formants (F1 and F2) play a major perceptual role 
in distinguishing different English vowels (/6), 
despite tremendous variability within and across 
vowels (Fig. 3A) (20). The optimal projection of 
vowels in formant space was the difference of F2 
and F1 (first principal component, dashed line, 
Fig. 3A), which is consistent with vowel percep- 
tual studies (2/, 22). By using partial correlation 
analysis, we quantified the relationship between 
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trodes) are color-coded by their cluster membership. (C) Neural population de- 
coding of fundamental and formant frequencies. Error bars indicate SEM. (D) 
Multidimensional scaling (MDS) of acoustic and neural space (***P < 0.001, t test). 


electrode response amplitudes and FO to F4. On 
average, we observed no correlation between the 
sensitivity of an electrode to FO with its sensi- 
tivity to Fl or F2. However, sensitivity to Fl and 
F2 was negatively correlated across all vowel- 
selective sites (Fig. 3B; r=—0.49, P<0.01, ¢ test), 
meaning that single STG sites show an integrated 
response to both Fl and F2. Furthermore, elec- 
trodes selective to low-back and high-front vowels 
(labeled in Fig. 2D) showed an opposite differen- 
tial tuning to formants, thereby maximizing vowel 
discriminability in the neural domain. This com- 
plex sound encoding matches the optimal projection 
in Fig. 3A, suggesting a specialized higher-order 
encoding of acoustic formant parameters (23, 24) 
and contrasts with studies of speech sounds in non- 
human species (25, 26). 

To examine population representation of vowel 
parameters, we used linear regression to decode 
FO to F4 from neural responses. To ensure un- 
biased estimation, we first removed correlations 
between FO to F4 by using linear prediction and 
decoded the residuals. Relatively high decoding 
accuracies are shown in Fig. 3C (P< 0.001, ¢ test), 
suggesting fundamental and formant variability 
is well represented in population STG responses 
(interaction between decoder weights with elec- 
trode STRFs shown in fig. S9). By using multi- 
dimensional scaling, we found that the relational 
organization between vowel centroids in the acous- 
tic domain is well preserved in neural space (Fig. 
3D; r = 0.88, P < 0.001). 

For plosives, we measured three perceptually 
important acoustic cues (fig. S10): voice-onset 
time (VOT), which distinguishes voiced (/b/, /d/, 
and /g/) from unvoiced plosives (/p/, /t/, and /k/); 
spectral peak (differentiating labials /p/ and /b/ 
versus coronal /t/ and /d/ versus dorsal /k/ and /g/); 
and F2 of the following vowel (/6). These acous- 
tic parameters could be decoded from population 
STG responses (Fig. 4A; P < 0.001, ¢ test). VOTs 
in particular are temporal cues that are perceived 
categorically, which suggests a nonlinear encod- 
ing (27). Figure 4B shows neural responses for 
three example electrodes plotted for all plosive 
instances (total of 1200), aligned to their release 
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Fig. 4. Neural encoding of plosive and fricative 
phonemes. (A) Prediction accuracy of plosive and 
fricative acoustic parameters from neural popula- 
tion responses. Error bars indicate SEM. (B) Response 
of three example electrodes to all plosive phonemes 
sorted by VOT. (C) Nonlinearity of VOT-response 
transformation and (D) distributions of nonlinearity 
for all plosive-selective electrodes identified in Fig. 
2D. Voiced plosive-selective electrodes are shown 
in pink, and the rest in gray. (E) Partial correlation 
values between response of electrodes and acous- 
tic parameters shared between plosives and fricatives 
(**P < 0.01, t test). Dots (electrodes) are color-coded 
by their cluster grouping from Fig. 2C. 


time and sorted by VOT. The first electrode re- 
sponds to all plosives with same approximate 
latency and amplitude, irrespective of VOT. The 
second electrode responds only to plosive pho- 
nemes with short VOT (voiced), and the third 
electrode responds primarily to plosives with long 
VOT (unvoiced). 

To examine the nonlinear relationship between 
VOT and response amplitude for voiced-plosive 
electrodes (labeled voiced in Fig. 2D) compared 
with plosive electrodes with no sensitivity to 
voicing feature (labeled coronal, labial and dorsal 
in Fig. 2D), we fitted a linear and exponential 
function to VOT-response pairs (fig. S11B). The 
difference between these two fits specifies the 
nonlinearity of this transformation, shown for all 
plosive electrodes in Fig. 4C. Voiced-plosive elec- 
trodes (pink) all show strong nonlinear bias for 
short VOTs compared with all other plosive elec- 
trodes (gray). We quantified the degree and direc- 
tion of this nonlinear bias for these two groups 
of plosive electrodes by measuring the average 
second-derivative of the curves in Fig. 4C. This 
measure maps electrodes with nonlinear prefer- 
ence for short VOTs (e.g., electrode e2 in Fig. 4B) 
to negative values and electrodes with nonlinear 
preference for long VOTs (e.g., electrode e3 in 
Fig. 4B) to positive values. The distribution of this 
measure for voiced-plosive electrodes (Fig. 4D, 
red distribution) shows significantly greater non- 
linear bias compared with the remaining plosive 
electrodes (Fig. 4D, gray distribution) (P< 0.001, 
Wilcox rank-sum test). This suggests a special- 
ized mechanism for spatially distributed, non- 
linear rate encoding of VOT and contrasts with 
previously described temporal encoding mecha- 
nisms (26, 28). 
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Partial correlation for fricative phonemes 


We performed a similar analysis for fricatives, 
measuring duration, which aids the distinction be- 
tween voiced (/z/ and /v/) and unvoiced fricatives 
(/s/, /S/, /0/, /f/); spectral peak, which differentiates 
/f/ and /v/ versus coronal /s/ and /z/ versus dorsal /W/ ; 
and F2 of the following vowel (/6) (fig. S12). 
These parameters can be decoded reliably from 
population responses (Fig. 4A; P < 0.001, ¢ test). 

Because plosives and fricatives can be sub- 
specified by using similar acoustic parameters, we 
determined whether the response of electrodes to 
these parameters depends on their phonetic cate- 
gory (i.e., fricative or plosive). We compared the 
partial correlation values of neural responses with 
spectral peak, duration, and F2 onset of fricative 
and plosive phonemes (Fig. 4E), where each point 
corresponds to an electrode color-coded by its clus- 
ter grouping in Fig. 2D. High correlation values 
(r = 0.70, 0.87, and 0.79; P < 0.001; ¢ test) sug- 
gest that electrodes respond to these acoustic pa- 
rameters independent of their phonetic context. 
The similarity of responses to these isolated acous- 
tic parameters suggests that electrode selectivity 
to a specific phonetic features (shown with colors 
in Fig. 4E) emerges from combined tuning to mul- 
tiple acoustic parameters that define phonetic con- 
trasts (24, 25). 

We have characterized the STG representation 
of the entire American English phonetic inventory. 
We used direct cortical recordings with high spatial 
and temporal resolution to determine how selec- 
tivity for phonetic features is correlated to acous- 
tic spectrotemporal receptive field properties in 
STG. We found evidence for both spatially local 
and distributed selectivity to perceptually relevant 
aspects of speech sounds, which together appear to 
give rise to our internal representation of a phoneme. 


We found selectivity for some higher-order 
acoustic parameters, such as examples of non- 
linear, spatial encoding of VOT, which could have 
important implications for the categorical repre- 
sentation of this temporal cue. Furthermore, we 
observed a joint differential encoding of F1 and 
F2 at single cortical sites, suggesting evidence of 
spectral integration previously speculated in theo- 
ries of combination-sensitive neurons for vowels 
(23-25, 29). 

Our results are consistent with previous single- 
unit recordings in human STG, which have not 
demonstrated invariant, local selectivity to single 
phonemes (30, 37). Instead, our findings suggest 
a multidimensional feature space for encoding the 
acoustic parameters of speech sounds (25). Pho- 
netic features defined by distinct acoustic cues for 
manner of articulation were the strongest determi- 
nants of selectivity, whereas place-of-articulation 
cues were less discriminable. This might explain 
some patterns of perceptual confusability between 
phonemes (32) and is consistent with feature hi- 
erarchies organized around acoustic cues (/7), 
where phoneme similarity space in STG is driven 
more by auditory-acoustic properties than articula- 
tory ones (33). A featural representation has greater 
universality across languages, minimizes the need 
for precise unit boundaries, and can account for 
coarticulation and temporal overlap over phoneme- 
based models for speech perception (/7). 
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Detection of a Recurrent DNAJB1-PRKACA 
Chimeric Transcript in Fibrolamellar 
Hepatocellular Carcinoma 
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Fibrolamellar hepatocellular carcinoma (FL-HCC) is a rare liver tumor affecting adolescents and 
young adults with no history of primary liver disease or cirrhosis. We identified a chimeric 
transcript that is expressed in FL-HCC but not in adjacent normal liver and that arises as the 
result of a ~400-kilobase deletion on chromosome 19. The chimeric RNA is predicted to code 
for a protein containing the amino-terminal domain of DNAJB1, a homolog of the molecular 
chaperone DNA], fused in frame with PRKACA, the catalytic domain of protein kinase A. 
Immunoprecipitation and Western blot analyses confirmed that the chimeric protein is expressed 
in tumor tissue, and a cell culture assay indicated that it retains kinase activity. Evidence 
supporting the presence of the DNAJB1-PRKACA chimeric transcript in 100% of the FL-HCCs 
examined (15/15) suggests that this genetic alteration contributes to tumor pathogenesis. 


(FL-HCC) is a rare liver tumor that was 
first described in 1956 and that historically 
has been considered a variant of hepatocellular 
carcinoma (/, 2). It is histologically characterized 
by well-differentiated neoplastic hepatocytes and 
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thick fibrous bands in a noncirrhotic background 
(3, 4). FL-HCC has a clinical phenotype distinct 
from conventional hepatocellular carcinoma and 
usually occurs in adolescents and young adults. 
Patients have normal levels of alpha fetoprotein 
without underlying liver disease or history of vi- 
ral hepatitis (3-6). Little is known of its mo- 
lecular pathogenesis. FL-HCC tumors do not 
respond well to chemotherapy (7, 8), and surgical 
resection remains the mainstay of therapy, with 
overall survival reported to be 30 to 45% at 
5 years (/, 6, 8, 9). 

To investigate the molecular basis of FL-HCC, 
we performed whole-transcriptome and whole- 
genome sequencing of paired tumor and adjacent 
normal liver samples. To determine whether there 
were tumor-specific fusion transcripts among the 
coding RNA, we ran the program FusionCatcher 


(J0) on RNA sequencing (RNA-Seq) data from 
29 samples, including primary tumors, metastases, 
recurrences, and matched normal tissue samples, 
derived from a total of 11 patients (table S1). 
There was only one recurrent candidate chimeric 
transcript detected in every tumor sample. This 
candidate transcript is predicted to result from 
the in-frame fusion of exon | from the DNAJB1 
gene, which encodes a member of the heat 
shock 40 protein family, with exons 2 to 10 from 
PRKACA, the gene encoding the adenosine 3',5’- 
monophosphate (cAMP)-dependent protein ki- 
nase A (PKA) catalytic subunit alpha. This fusion 
transcript was not detected in any of the available 
paired normal tissue samples (” = 9). This fusion 
is not found in the COSMIC database (//) and 
has not previously been reported in the literature. 

To further characterize the candidate fusion 
transcript, we directly examined those RNA-Seq 
reads that mapped to PRKACA and DNAJB1. We 
examined PRKACA transcript levels with DESeq2 
(72) and found that they were increased relative 
to normal in tumors from all nine patients tested 
[P value adjusted for multiple testing (pAdj) < 10 ?, 
range three- to eightfold]. To determine whether 
the increased expression was attributable to a 
specific isoform of PRKACA, we quantified reads 
mapping to different exons and evaluated differ- 
ential expression using DEXSeq (/3). In all nine 
patients, there was an increase in the expression 
of exons 2 to 10 of PRKACA in the tumor rela- 
tive to exon | and relative to the expression in nor- 
mal tissue (Fig. 1A, left). This exon expression 
pattern does not correspond to a known isoform 
of PRKACA. Rather, it reflects an increase in 
PRKACA transcripts lacking the first exon, which 
encodes the domain that engages the regulatory 
subunits of PKA. All reads mapping to PRKACA 
in normal tissue were either contained within 
exons or bridged the junctions between adjacent 
exons at annotated splicing sites (Fig. 1B, left, 
blue). All tumor samples additionally had reads 
mapping from the start of the second exon of 
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Fig. 1. RNA-Seq read coverage from fibrolamellar hepatocellular carci- 
noma and adjacent healthy liver tissue. (A to C) Plot of reads mapped to 
chromosome 19 in the region encoding, on the negative strand, the genes PRKACA 
(chr19:14,202,499 to 14,228,558) and DNAJB1 (chr19:14,625,580 to 14,640,086) 
from the normal tissue (blue) and FL-HCC tissue (red). (A) Normalized RNA-Seq 
read counts from nine pairs of tumor and adjacent tissue demonstrate a consistent 
increase in tumor relative to normal in the reads mapping to exons 2 through 10 of 
PRKACA and a decrease in the reads of exon 1. Exons are shown as orange and 
green blocks [see (D)]. Normalized read counts are plotted per exon part (nonover- 
lapping portions of exons in all isoforms in ENSEMBL annotation; indicated by empty 
boxes). Transcript structure (solid color boxes) indicates most likely dominant isoform 
as inferred by RNA-Seq read coverage. Lines indicate the average normalized read 
count per exon part (in dominant isoform) for normal and tumor samples. (B) Sashimi 
plot (39) of RNA-Seq read coverage at PRKACA and DNAJB1 loci for patient 9. Solid 
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peaks depict reads per kilobase per million reads mapped (RPKM) within individual 
exons. Reads that bridge different exons are shown as arcs. In every tumor sample 
(nine out of nine) and in none of the normal tissue sample (zero out of nine), there are 
reads mapped from the end of exon 1 of DNAJB1 to the start of exon 2 of PRKACA 
(read counts indicated for patient 9). (C) There is an additional set of reads from 
patient 4 that map from the second exon of DNAJB1 to the start of the second exon of 
PRKACA (read counts indicated). Indistinguishable results are observed in metastasis 
tissue from this same patient. (D) RNA-Seq read mapping predicts the production of 
four transcripts: a native DNAJB1 (green); a native isoform 1 PRKACA (orange); a 
predominant chimera with the first exon of DNAJB1 and exons 2 to 10 of PRKACA; 
and, in a subset of patients, a minority transcript with the first exon and part of the 
second of DNAJB1 and exons 2 to 10 of PRKACA. (E). Sanger sequencing of RT-PCR 
products from FL-HCC samples confirmed in seven out of seven patients a chimera 
transcript joining the end of exon 1 of DNAJB1 and the start of exon 2 of PRKACA. 
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PRKACA to a point ~400 kilobases (kb) up- 
stream of the coding region, which corresponded 
to the end of the first exon of DNAJB1 (marked 
with an asterisk in Fig. 1B). Examination of the 
exon expression of DNAJB/ in tumor samples 
revealed a decrease in the number of reads in 
exons 2 and 3 relative to exon | (Fig. 1, A and B, 
right). The data on the differential exon expres- 
sion and the data on the RNA-Seq reads spanning 
the 400-kb distance that bridges these two genes 
further support a structural variation resulting in a 
chimeric transcript incorporating DNAJBI and 
PRKACA sequences. 

In tumor samples from patients 4 and 14, 
there were indications of a second splice variant 
spanning PRKACA and DNAJBI (Fig. 1C). In 
addition to the reads from the end of exon | of 
DNAJB1 to the start of exon 2 of PRKACA (Fig. 1C, 
middle red plot marked with an asterisk and Fig. 1D, 
the predominant chimera), there were reads that 
started in the middle of exon 2 of DNAJB/ and 
mapped to the start of exon 2 of PRKACA (Fig. 1C, 
middle red plot marked with a double asterisk 
and Fig. 1D, the minority chimera). For patient 4, 
we also sequenced four different metastases and 
observed reads that spanned the same regions 
(Fig. 1C, bottom red plot). These findings predict 
the presence of one predominant chimera incor- 
porating only the first exon of DNAJB/ and a sec- 
ond, minority chimera, incorporating both the first 
and a portion of the second exon of DNAJB1. Both 
chimeras continue with exons 2 to 10 of PRKACA. 

The presence of the predicted dominant chi- 
meric RNA transcript was validated by Sanger 
sequencing of reverse transcription polymerase 
chain reaction (RT-PCR) products in all seven 
tumor samples tested from six patients (Fig. 1E), 
including one tumor and recurrence pair. The same 
chimeric transcript was confirmed by Sanger se- 
quencing in an eighth newly acquired primary 
tumor from a patient whose samples were not pre- 
viously analyzed by RNA-Seq or whole-genome 
sequencing. 

In every tumor sample, in addition to the pres- 
ence of one or both predicted RNA chimeras, we 
also observed RNA-Seq reads consistent with 
transcripts covering the entire length of PRKACA, 
which suggested that the cells still contain a wild- 
type (WT) copy of the gene. These results are 
most consistent with a heterozygous deletion in 
chromosome 19 resulting in a single copy of the 
chimeric transcript and single copies of both the 
WT DNAJBI and the WT PRKACA. 

We next searched for potential structural var- 
iants in the FL-HCC genome by performing whole- 
genome sequencing on paired tumor and adjacent 
normal liver. We used the program Delly (/4) to 
search for structural variations on chromosome 
19. In 8 of 10 tumor samples, there were between 
2 and 23 paired-end reads that spanned ~400 kb 
and mapped to both DNAJBI and PRKACA. In 
addition, in all eight of these tumor samples, split 
reads mapped to the deletion fusion point (table 
82). The program, SplazerS (/5) identified 3 to 
17 split reads mapping between these genes in 


all 10 tumor samples. The predicted deletions 
ranged in size from 401,552 to 409,262 base 
pairs (bp), with a telomeric breakpoint between 
chr19: 14,218,306 and 14,226,300 (hg19) and a 
centromeric breakpoint between chr19:14,627,567 
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and 14,628,632. These deletions were not detected 
in adjacent normal liver samples. 

The presence of the predicted deletion in the 
tumor DNA was validated by PCR and Sanger 
sequencing in eight out of eight samples tested 
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Fig. 2. DNA sequence analysis of fibrolamellar hepatocellular carcinoma DNA. (A) Mapping of 
the size and location of the breaks in the DNA between the DNAJB1 and the PRKACA genes. (B). PCR 
followed by Sanger sequencing confirmed a deletion of ~400 kD in each patient. Each deletion results in a 
fusion that starts either in intron 1 or exon 2 of DNAJB1 and ends in intron 1 of PRKACA. The break is in a 
different location in all patients. Note that the sequencing reads are shown for the positive strand. 
However, both DNAJB1 and PRKACA are coded off the negative strand. 
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(Fig. 2B). In all patients, the precise breakpoints 
of the deletion mapped to different genomic co- 
ordinates (table S2). For all patients, the data were 
consistent with a deletion originating in the first 
intron (n = 6) or the second exon (n = 4) of 
DNAJBI and terminating in the first intron of 
PRKACA (Fig. 2A). 

To determine whether the chimeric RNA tran- 
script was translated into a chimeric protein, we 
performed Western blot analysis. Proteins ex- 


tracted from tumor and adjacent normal liver 
samples were separated by SDS—polyacrylamide 
gel electrophoresis (SDS-PAGE) and probed with 
an antibody to the carboxyl terminus of PRKACA. 
Normal and tumor samples showed a band cor- 
responding to a size of 41 kD (Fig. 3A), the pre- 
dicted size of isoform 1 of WT PRKACA protein. 
In nine of nine previously sequenced tumor sam- 
ples, there was a slower moving band at ~46 kD, 
consistent with the predicted larger molecular 
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Fig. 3. Tumor-specific expression of a protein consistent with the predicted DNAJB1-PRKACA 
chimera. (A) Immunoblot analysis. Protein extracts of fibrolamellar carcinoma (T) and adjacent liver 
tissue (N) were separated on SDS-PAGE and subjected to immunoblot analysis using an antibody to the 
carboxyl terminus of PRKACA. This analysis revealed the presence of the native PRKACA in all tumor, 
metastasis, and normal samples and the presence of one additional, apparent higher molecular mass 
band in all tumor samples (the predominant chimera). There is a second even higher molecular mass 
band, the minority chimera, in the two tumor samples that had demonstrated a second set of RNA reads 
mapping between exon 2 of DNAJB1 and exon 2 of PRKACA (patients 4 and 14). (B) Confirmation of 
chimeric protein. Protein extracts of fibrolamellar carcinoma (T) and adjacent liver tissue (N) were 
immunoprecipitated with an antibody to the amino terminus of DNAJB1 and run adjacent to total-cell 
extract on SDS-PAGE. These samples were then subjected to immunoblot analysis with an antibody to the 
carboxyl terminus of PRKACA (C) PKA activity of WT PRKACA and chimera are indistinguishable. HEK-293T 
cells were transfected with an empty control plasmid, a plasmid encoding WT PRKACA, or a plasmid 
encoding the chimeric DNAJB1-PRKACA. Cell extracts were diluted and assayed for PKA activity. The 
activity of the WT PRKACA and the chimera PRKACA-DNAJB1 are significantly higher [P < 0.001, two-way 
analysis of variance (ANOVA)] than background kinase activity. Samples were processed in triplicate + 
SEM. (D and E) Immunofluorescence assay. The presence and distribution of PRKACA protein was 
examined with an antibody against the carboxyl terminus in (D) adjacent normal tissue and (E) FL-HCC 
liver tissue from patient 11, both imaged by confocal microscopy. The green areas correspond to PRKACA 
and the blue areas correspond to nuclei, which were stained with Hoechst stain. Similar results were seen 
in samples from additional patients (fig. $1). Scale bar, 20 um. 


size of the predominant chimeric protein (patients 
1, 3, 4, 5, 6, 7, 10, 11, and 12). This higher mo- 
lecular mass band was not observed in any of the 
normal samples. Additional pairs of tumor and 
normal tissue not originally sequenced (patients 
13, 14, and 17) were analyzed and showed the 
same larger band in the tumor but not in the 
normal tissue. The larger band was also seen in 
two metastases from patient 2. 

We observed a third immunoreactive band in 
samples from two patients that migrated at ~SO0 kD 
(Fig. 3A, patients 4 and14), consistent with the 
minority chimera predicted by the RNA-Seq analy- 
sis. This larger band was present in addition to 
the bands corresponding to the native PRKACA 
protein and the predominant DNAJB1-PRKACA 
chimeric protein. This slower-mobility, apparent- 
ly higher molecular mass band is consistent with 
a chimeric protein that includes amino acids cor- 
responding to the first exon and portion of exon 2 
of DNAJB1, as well as exons 2 to 10 of PRKACA 
(Fig. 1C, patient 4 shown). 

To confirm that the higher molecular mass 
bands were the chimeric proteins, we tested reac- 
tivity with an antibody to the amino terminus of 
DNAJB1 and an antibody to the carboxyl ter- 
minus of PRKACA. Protein was immunoprecip- 
itated with an antibody to DNAJB1, separated 
by SDS-PAGE alongside a sample of the total 
solubilized tissue, and then probed on a Western 
blot with an antibody to the carboxy] terminus of 
PRKACA (Fig. 3B). The whole-cell lysate again 
showed bands corresponding to both WT PRKACA 
and the chimeric protein. However, the sample 
immunoprecipitated with DNAJB1 showed only 
the higher molecular mass band (lanes labeled 
IP-DNAJB1, Fig. 3B) corresponding to the chimera. 
The WT PRKACA band was not present in the 
immunoprecipitate. Thus, the higher molecular 
mass band that is present only in tumor samples 
is a true chimeric protein resulting from the fusion 
of the amino terminus of DNAJB1 and carboxyl 
terminus of PRKACA. 

To determine whether the DNAJB1-PRKACA 
chimeric protein retains kinase activity, we trans- 
fected human embryonic kidney—293T (HEK-293T) 
cells with plasmids encoding either WT PRKACA 
or the DNAJB1-PRKACA chimera. Control cells 
were transfected with an “empty” plasmid lacking 
the PRKACA or chimera genes, which provided 
a measure for the background activity level of 
PKA in the cells. PKA activity was measured by 
the ability of cell lysate to phosphorylate the 
fluorescent PKA substrate peptide LRRASLG, 
whose mobility shifts on a gel upon phosphoryl- 
ation. In cells expressing either WT PRKACA or 
the chimera (Fig. 3C), PKA activity was signif- 
icantly greater than controls (P < 0.001) (Fig. 3C). 
Both PRKACA and the chimera were each ex- 
pressed from the same promoter, and the PKA 
activity was indistinguishable in cells expressing 
either protein. This demonstrates that the chimeric 
protein retains full PKA activity. Finally, we ex- 
amined the expression of PRKACA protein in 
tumor and adjacent normal tissue by confocal 
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fluorescence microscopy. Analysis with an anti- 
body against the carboxyl terminus of PRKACA 
revealed a fluorescent signal that was consistently 
brighter throughout the cells in FL-HCC (Fig. 3E 
and fig. S1) than in the adjacent tissue normal 
liver (Fig. 3D). 

In summary, we have provided evidence for a 
400-kb heterozygous deletion on chromosome 
19 in 10 out of 10 FL-HCC patients tested. We 
detected a chimeric DNAJB1-PRKACA RNA tran- 
script in 12 of 12 patients tested and a putative 
chimeric DNAJB1-PRKACA protein in 14 of 14 
patients tested. The genomic deletion, the chimeric 
transcript, and the chimeric protein were not 
present in any normal liver samples tested. This 
chimera is predicted to incorporate the J domain 
of DNAJB1 and the catalytic domain of PRKACA. 
The promoter is from the DNAJB/ gene, which 
could explain why the chimeric transcript is ex- 
pressed at higher levels than the WT PRKACA 
transcript (Fig. 1, A, B, and C). 

PKA is a heterotetramer composed of two 
regulatory subunits and two catalytic subunits. In 
this configuration, the catalytic subunit is inactive 
until cAMP binding causes its release from the 
regulatory units. The DNAJB1-PRKACA chimera 
retains the functional catalytic domain and main- 
tains full kinase activity, but it is missing the do- 
main that binds the regulatory subunits of PKA. 
PKA phosphorylates numerous cytoplasmic and 
nuclear substrates, including members of the Ras, 
mitogen-activated protein kinase (/6), estrogen 
signaling (17), and apoptosis pathways (78). PKA 
is also involved in signaling via endothelial growth 
factor receptor (19) and regulation of aromatase 
expression (20), both of which can be overex- 
pressed in FL-HCC (2/-24). PRKACA has been 
implicated in epithelial-mesenchymal transition, 
migration, and invasion of lung cancer cells (25). 
A review of publicly available data sets from the 
Cancer Genome Atlas (26, 27) suggests that 
PRKACA is amplified in 12% of ovarian serous 
cystadenocarcinoma (28); 5% of uterine corpus 
endometrial carcinoma (29); 3% of adenoid cystic 
carcinoma (30); 2% of lung squamous cell carci- 
noma (3/); 1% of sarcoma (32), colon and rectum 
adenocarcinoma (33) and breast invasive carcino- 
ma (34). In FL-HCC, the deletion we observe in 
chromosome 19 has not been reported in compar- 
ative genomic hybridization of FL-HCC (35-38), 
perhaps because of the limited resolution of the 
approach at the time those studies were performed. 

There are currently no molecular diagnostic 
tests for FL-HCC. Because previous studies have 
detected PKA in the peripheral blood of cancer 
patients (39), this chimera may represent a diag- 
nostic marker for FL-HCC. Surgical resection 
remains the cornerstone of therapy and patients 
who present with advanced-stage or metastatic 
disease have few treatment options. While the 
role of the DNAJB1-PRKACA chimera in the 
pathogenesis of FL-HCC has yet to be addressed, 
our observations raise the possibility that it con- 
tributes to the pathogenesis of the tumor and may 
represent a therapeutic target. 
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Chemical Warfare Among Invaders: 
A Detoxification Interaction Facilitates 


an Ant Invasion 


Edward G. LeBrun,* Nathan T. Jones, Lawrence E. Gilbert 


As tawny crazy ants (Nylanderia fulva) invade the southern United States, they often displace imported fire 
ants (Solenopsis invicta). After exposure to S. invicta venom, N. fulva applies abdominal exocrine gland 
secretions to its cuticle. Bioassays reveal that these secretions detoxify S. invicta venom. Further, formic 
acid from N. fulva venom is the detoxifying agent. WV. fulva exhibits this detoxification behavior after conflict 
with a variety of ant species; however, it expresses it most intensely after interactions with S. invicta. This 
behavior may have evolved in their shared South American native range. The capacity to detoxify a major 
competitor's venom probably contributes substantially to its ability to displace S. invicta populations, making 
this behavior a causative agent in the ecological transformation of regional arthropod assemblages. 


hen multiple species invade a region, 
they often originate from common 
source assemblages (/). As a conse- 
quence, species interactions in invaded regions 
may reflect deep evolutionary histories. The 
emerging invasion of the southern United States 
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by tawny crazy ants (Nylanderia fulva) and re- 
sulting intense competitive conflict with red im- 
ported fire ants (Solenopsis invicta) provide an 
example of interacting invaders with shared evo- 
lutionary histories. The native ranges of S. invicta 
and N. fulva overlap in northern Argentina, 
Paraguay, and southern Brazil (2-6), and within 
this expansive region, these species compete di- 
rectly for resources (7—9). 

Since the 1930s, S. invicta has spread through- 
out the southern United States, ecologically domi- 
nating most grassland ant assemblages (/0). In the 
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early 2000s, N. fulva was introduced into Texas 
and Florida and is now spreading through U.S. 
Gulf Coast states. Where these species meet, high- 
density N. fulva populations are displacing S. invicta 
(/1). This displacement constitutes an emerging 
transformative change in the organization of re- 
gional arthropod assemblages, which were pre- 
viously dominated by S. invicta. 

The displacement of S. invicta populations by 
N. fulva apparently stems in part from a surpris- 
ingly strong competitive asymmetry. At recent- 
ly invaded sites, NV. fulva easily ousts S. invicta 
from food items it controls. In fact, at locations 
where foragers of both species were similarly 
abundant, N. fulva captured 93% of contested 
resources (fig. $1). Further, at V. fu/va invasion 
fronts, most N. fulva colonies were located in- 
side S. invicta mounds, often still partially oc- 


cupied by S. invicta, suggesting that N. fulva can 
usurp their nests (//). 

Other competing ant species typically avoid 
large aggregations of S. invicta because their 
venom is a potent topical insecticide (/2). In 
contrast, NV. fulva workers will charge into masses 
of S. invicta surrounding food items, spraying 
venom. In response, S. invicta workers gaster flag 
(extruding and vibrating a venom droplet from 
their stinger) and dab venom onto nearby attack- 
ers (Fig. 1A and movie S1). As a result, many 
N. fulva workers are smeared with S. invicta 
venom, an event usually fatal for ants (/3). 

After contacting S. invicta venom, an N. fulva 
worker immediately engages in a highly stereo- 
typed behavioral sequence. Standing on its hind 
and middle legs, the worker curls its gaster (the 
modified abdomen of ants) underneath its body, 


S. invicta worker dabs venom droplets from its sting onto antennae of an attacking W. fulva worker. (B) 
Two N. fulva workers, previously smeared with S. invicta venom, engage in detoxification behavior. The 
worker in the middle stands on its hind and middle legs, dispensing fluid from its acidopore onto its 
mandibles. The worker on the right distributes the fluid with its front legs. On the left, an S. invicta 


worker gaster flags. 
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Fig. 2. Demonstration of detoxification. Survivorship curves for W. fulva workers after staged inter- 
actions with S. invicta. Triangular symbols denote controls, and circular symbols denote experimental 
treatments. Bars present standard errors of the Kaplan-Meier survivorship estimator. The images at the 
bottom show an ant with a sealed acidopore (left) and an interaction vial (right). 
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touching its acidopore (the specialized exocrine 
gland opening at the tip of the gaster) to its man- 
dibles. The N. fu/va worker then runs its front 
legs through its mandibles and grooms itself vig- 
orously, periodically reapplying its acidopore to 
its mandibles (Fig. 1B and movie S1). Apparent- 
ly, these ants apply an exocrine gland secretion in 
what seems to be an attempt to detoxify S. invicta 
venom. We refer to this sequence of behaviors as 
“detoxification behavior.” 

We performed a series of experiments: (1) test- 
ing whether this behavior detoxifies S. invicta 
venom, (ii) testing the glandular source and 
chemical nature of the detoxifying agent, and 
(iii) evaluating the species-level specificity of 
this detoxification behavior. 

To evaluate potential detoxification of S. invicta 
venom, we staged antagonistic interactions be- 
tween S. invicta and N. fulva workers. N. fulva were 
treated by sealing their acidopore with nail pol- 
ish, blocking secretions, or sham treated by ap- 
plying nail polish to the side of their gaster. In 
S. invicta conflict treatments, a single N. fulva 
worker was introduced into a vial containing two 
S. invicta workers. Once an S. invicta worker dabbed 
the N. fulva worker with its stinger, the S. invicta 
were removed and the survivorship of the NV. fulva 
was monitored for 8 hours (/4). 

Survivorship differed strongly across treatments 
(Wilcoxon: x” = 48.6, df=2, P< 0.0001), with no 
mortality in acidopore-sealed controls that were 
not exposed to S. invicta venom. N. fulva workers 
with sealed acidopores exposed to S. invicta died 
at a high rate, with 48% surviving. In contrast, 
98% of sham-treated N. fulva workers dabbed by 
S. invicta with venom survived (Wilcoxon: x? = 
28.0, df= 1, P< 0.0001) (Fig. 2). These ants em- 
ployed their detoxification behavior frequently 
after exposure to venom. Thus, detoxification be- 
havior is an extremely effective countermeasure 
to S. invicta venom. 

The Dufour’s and venom glands (exocrine 
glands used for communication and defense) 
both duct to the acidopore of N. fulva workers. To 
assess which produces the detoxifying agent, we 
applied solutions of S. invicta venom and N. fulva 
glandular products to Argentine ants (Linepithema 
humile). Argentine ants cannot detoxify S. invicta 
venom (/3), are approximately the same size as 
N. fulva workers, and have similarly scleroticized 
exoskeletons. Application of NV. fi/va gland-product 
solutions (Dufour’s or venom), followed imme- 
diately by the carrier solution, provided controls. 
The treatments were (1) application of S. invicta 
venom solution followed by the carrier solution 
and (ii) application of S. invicta venom solution 
followed by one of the N. fulva gland-product 
solutions (/4). 

N. fulva Dufour’s glands contain 2-ketones and 
alkanes (/5); for ants in the subfamily Formicinae, 
the contents of this gland typically serve as alarm 
pheromones (/6). In tests of the Dufour’s gland 
contents, survival times differed across treatments 
(Wilcoxon: x? = 39.4, df= 2, P < 0.0001), with no 
mortality in the Dufour’s-treated control group. 


www.sciencemag.org SCIENCE VOL 343 28 FEBRUARY 2014 


1015 


REPORTS 


1016 


Fig. 3. Results of bioassays. Sur- 
vivorship curves for topically treated 
L. humile workers. Legends at bottom 
left identify the sequence of solu- 
tions applied. Solutions consisted 
of the test agent diluted in a carrier 
solution of water plus surfactant. 
Si denotes S. invicta; Nf denotes 
N. fulva. (A) Test of N. fulva Dufour’s 
gland as the source of the detoxify- 
ing agent. (B) Test of NV. fulva venom 
gland as the source of the detoxify- 
ing agent. (C) Test of formic acid as 
the detoxifying agent. Triangular sym- 
bols denote controls, and circular sym- 
bols denote experimental treatments. 
Error bars present standard errors of 
the Kaplan-Meier survivorship esti- 
mator. The inset illustrations detail 
internal gland anatomy and chem- 
ical structures. The source gland is 
shaded dark. 


Fig. 4. Evaluation of the specificity of detoxification behavior. The 
dependent variable is a 2-min count of WV. fulva detoxification behaviors 
after chemical conflict with a variety of test species (x axis). Symbols in- 
dicate the median number of detoxification behaviors expressed. Error bars 
present interquartile ranges. The horizontal dashed line separates no con- 
flict from post-interaction data. Interactions terminated when the test 
species deployed its defensive compounds against the WN. fulva worker. 
Horizontal lines and text at bottom indicate species progressively less 
related to S. invicta. The inset image shows an W. fulva worker performing 


the detoxification behavior. 
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However, the S. invicta venom solution alone and 
S. invicta venom solution followed by Dufour’s 
solution groups died at similar, very high rates 
(Wilcoxon: y° = 2.1, df= 1, P= 0.15) (Fig. 3A). 
Dufour’s gland products do not detoxify S. invicta 


When WN. fulva venom was tested, survival times 
differed between groups (Wilcoxon: x? = 44.1, 
df= 2, P<0.0001), with very low mortality in the 
N. fulva venom-treated control group (10%). The 
fate of workers in the S. invicta venom followed 
by carrier solution group differed dramatically 
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from those in the S. invicta venom solution followed 
by N. fulva venom solution group (Wilcoxon: y? = 
25.7, df= 1, P < 0.0001). Only 20% of workers 
treated with S. invicta venom alone survived, as 
compared to the survival of 100% of workers 
treated with both venoms sequentially (Fig. 3B). 
Therefore, the venom gland of N. fulva contains 
the detoxifying agent. 

As is clear from the odor and respiratory trauma 
resulting from collecting N. fulva with an aspira- 
tor, NV. fulva venom consists primarily of concen- 
trated formic acid (/5). Using the same Argentine 
ant-based bioassay, we tested whether formic 


100}C 


—e— Si venom-carrier 
0 --°— Si venom>formic acid 
—v+— Formic acid>carrier 


acid is the detoxifying agent. We used a formic 
acid solution with a pH equivalent to that of the 
N. fulva venom solution used in the previous as- 
say. Controls were application of formic acid solu- 
tion followed by carrier solution. Treatments were 
application of S. invicta venom solution followed 
by carrier solution, and application of S. invicta 
venom solution followed by formic acid solu- 
tion (14). 

Treatments and controls differed in survivor- 
ship (Wilcoxon: y? = 51.1, df= 2, P< 0.0001), with 
no mortality among formic acid-treated control 
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workers. Again, workers treated with S. invicta 
venom followed by carrier solution suffered high 
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mortality. In stark contrast, 95% of workers treated 
with S. invicta venom solution followed by formic 
acid solution survived (Wilcoxon: x? = 25.4, df= 
1, P < 0.0001) (Fig. 3C). Thus, formic acid ap- 
pears to be the compound responsible for detox- 
ifying S. invicta venom. 

How formic acid renders fire ant venom non- 
toxic is unresolved. Five principal piperidine alka- 
loids (2,6-dialkylpiperidines) and some of their 
stereoisomers primarily make up S. invicta venom 
(10). Suspended in this are small amounts of 
proteins (approximately 1% of the total), primar- 
ily the enzymes phospholipase A and hyaluroni- 
dase (/7). The insecticidal properties of S. invicta 
venom derive directly from its alkaloids (73). How- 
ever, associated enzymes function as cell mem- 
brane disruptors (/8) and may be critical for gating 
alkaloids through intercuticular membranes and 
cell walls. Formic acid denatures these enzymes. 
This indirect effect seems the most likely detoxi- 
fication mechanism. It is unknown whether formic 
acid alters the bioactivity of the alkaloid fraction. 

N. fulva and other formicines use formic acid 
as a chemical weapon because it is highly caustic. 
Self-applying formic acid is thus costly, favoring 
selectivity in the expression of the detoxification 
behavior. We evaluated the specificity of detox- 
ification expression by measuring its intensity 
after interactions with S. invicta versus after inter- 
actions with a series of seven test species that 
employ defensive compounds in interspecific 
conflicts. In vials, two-on-one interactions (test spe- 
cies versus NV. fulva) were staged, ending when 
test ants applied defensive compounds to N. fulva 
(14). After chemical conflict with any test species, 
N. fulva workers performed significantly more 
detoxification behaviors than they did when there 
was no conflict (Fig. 4 and table S1). However, 
after chemical conflict with S. invicta, N. fulva 
workers performed the detoxification behavior 
with much higher frequency than after conflict 


with any other species (Fig. 4 and table $2). In 
fact, the median detoxification response after 
conflict with S. invicta was performed 6.7 times 
more frequently than the average response after 
conflicts with non—fire ant species. Curiously, 
detoxification behaviors were not unusually ele- 
vated after exposure to S. richteri workers, a close- 
ly related South American fire ant. 

N. fulva and S. invicta share an evolutionar- 
ily ancient interaction. Although it is broadly 
expressed after chemical conflicts, the intense 
expression of detoxification behavior appears 
specific to interactions with S. invicta. We sug- 
gest that the behavior of NV. fulva of applying 
toxic formic acid to its own cuticle may consti- 
tute an adaptation to competition with S. invicta 
in South America. In some South American ant 
assemblages, N. fulva is dominant to S. invicta 
but subordinate to species below S. invicta in the 
assemblage dominance hierarchy (8). This in- 
transitive interaction, rare in ant assemblages, may 
be a hallmark, from their ancestral range, of this 
competitor-specific defensive adaptation. 

The use of defensive compounds to achieve 
competitive dominance is widespread and amaz- 
ingly varied in ants (19, 20). Particularly potent 
defensive chemistries can even protect native spe- 
cies from extirpation by dominant invaders (2/). 
However, achieving competitive dominance by self- 
applying a chemical as an antidote to a compet- 
itor’s venom is remarkable. The ability of NV. fulva 
to detoxify fire ant venom is probably a key fac- 
tor contributing to the ecologically important 
population-level displacement of imported fire 
ants by N. fulva that is underway in areas of the 
southern United States (//). 
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Resurrecting Surviving Neandertal 
Lineages from Modern Human Genomes 


Benjamin Vernot and Joshua M. Akey* 


Anatomically modern humans overlapped and mated with Neandertals such that non-African humans 
inherit ~1 to 3% of their genomes from Neandertal ancestors. We identified Neandertal lineages 
that persist in the DNA of modern humans, in whole-genome sequences from 379 European and 
286 East Asian individuals, recovering more than 15 gigabases of introgressed sequence that spans 
~20% of the Neandertal genome (false discovery rate = 5%). Analyses of surviving archaic lineages 
suggest that there were fitness costs to hybridization, admixture occurred both before and after 
divergence of non-African modern humans, and Neandertals were a source of adaptive variation for loci 
involved in skin phenotypes. Our results provide a new avenue for paleogenomics studies, allowing 
substantial amounts of population-level DNA sequence information to be obtained from extinct groups, 


even in the absence of fossilized remains. 


ybridization between closely related spe- 
He and the concomitant transfer or in- 
trogression of DNA, is widespread in 
nature (/, 2). In hominin evolution, the sequenc- 


ing of Neandertals (3) and their sister lineage, 
Denisovans (4, 5), provided evidence for introgres- 
sion of these lineages into modern humans. Spe- 
cifically, ~1 to 3% of each non-African human 


genome is estimated to have been inherited from 
Neandertals (3, 5). Although initial inferences of 
introgression between Neandertals and hu- 
mans may not have been robust to alternative 
explanations—most notably, archaic population 
structure (3, 6)—subsequent analyses have pro- 
vided evidence for gene flow (79). 

We hypothesized that a substantial amount 
of the Neandertal genome may be recovered from 
the analysis of contemporary humans despite the 
limited amounts of admixture, as introgressed se- 
quences may vary among individuals (Fig. 1A). 
Coalescent simulations for a broad range of ad- 
mixture models suggest that 35 to 70% of the 
Neandertal genome persists in the DNA of present- 
day humans (figs. S1 and $2) (/0). By identifying 
Neandertal sequences from a large sample of 
modern humans, we hope to discover surviving 
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lineages that may come from multiple archaic 
ancestors (Fig. 1A), allowing for the recovery of 
population-level data. 

To identify surviving Neandertal lineages, we 
developed a two-stage computational strategy (fig. 
S3) (0). First, we identify candidate introgressed 
sequences by using an extension of a previously 
developed summary statistic referred to as S* (//), 
which is sensitive to the signatures of introgres- 
sion (Fig. 1B) and is calculated without using 
the Neandertal reference genome. We performed 
coalescent simulations for a wide variety of de- 
mographic scenarios and found that our imple- 
mentation of S* can distinguish introgressed from 
nonintrogressed sequences (Fig. 1C and fig. S4). 
Second, we refine the set of candidate introgressed 
sequences using an orthogonal approach by com- 
paring them to the Neandertal reference genome 
and testing whether they match significantly more 
than expected by chance (/0). We estimate that 
the use of S* alone, as compared to our two-staged 
approach, would recover ~30% of Neandertal 


lineages at a false discovery rate (FDR) = 20% 
(fig. S5) (0). 

We applied this framework to whole-genome 
sequences from 379 Europeans and 286 East 
Asians from the 1000 Genomes Project (table 
S1) (72). Specifically, we calculated $* in 50-kb 
sliding windows (tables S2 to S8) (/0) and used 
a computationally efficient approach to determine 
statistical significance through coalescent simu- 
lations (fig. S6) (70). At an S* threshold corre- 
sponding to P < 0.01, we identified ~40 Gb of 
candidate introgressed sequence. Note that S* P 
values are robust to demographic uncertainty (fig. 
S7). The distribution of Neandertal-match P val- 
ues for this set of candidate introgressed sequences 
(Fig. 1D) demonstrates a strong skew toward zero, 
consistent with the hypothesis that these sequences 
are strongly enriched for Neandertal lineages. 
The distribution of Neandertal-match P values 
for sequences that do not possess significant evi- 
dence of introgression, as revealed by S*, is ap- 
proximately uniform (Fig. 1D) (/0), indicating 


that our statistical approach is able to distinguish 
between introgressed and nonintrogressed lineages 
(fig. S8) (70). 

At FDR = 5%, we identified more than 15 Gb 
of introgressed sequence across all individu- 
als, spanning ~20% (600 Mb) of the Neandertal 
genome (Fig. 1E and table S9). Of the 600 Mb 
of distinct sequence, ~25% (149 Mb) was shared 
between Europeans and East Asians. On aver- 
age, we found 23 Mb of introgressed sequence 
per individual (Fig. 1F), with East Asian indi- 
viduals inheriting 21% more Neandertal sequence 
than Europeans. Within subpopulations, we found 
small but statistically significant variation in the 
amount of introgressed sequence among Euro- 
peans (Kruskal-Wallis rank sum test, P = 4.2 x 
10-1”), but not among East Asians (P = 0.43). 

The average length of introgressed haplotypes 
was ~57 kb (Fig. 2A), and ~26% of all protein- 
coding genes had one or more exons that over- 
lapped a Neandertal sequence (Fig. 2B). On a 
broad scale, the genomic distribution of Nean- 
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Fig. 1. Recovering Neandertal lineages from the DNA of modern humans. 
(A) Schematic representation illustrating that low levels of introgression may 
facilitate the recovery of substantial amounts of archaic sequence. Lines rep- 
resent DNA from contemporary individuals, and colored boxes indicate archaic 
sequences. Different colored boxes represent sequences inherited from distinct 
archaic ancestors. (B) Genealogies of loci in Europeans and Africans in the 
presence of introgression. The expected signature of an introgressed lineage 
(blue) that our method exploits is high levels of divergence that persists over 
relatively long haplotype blocks. (C) Receiver operator curve (red) illustrating 
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the performance of S* for detecting an introgressed sequence in simulated 
data (10). The black diagonal dashed line represents random predictions. 
(D) Distribution of P values testing for an enrichment of Neandertal variants 
for S* candidate and randomly selected regions. (E) Amount of Neandertal 
sequence recovered as a function of FDR. The inset Venn diagram shows the 
amount of sequence overlap between East Asians (ASN) and Europeans (EUR) 
at a FDR of 5%. (F) Violin plots showing the distribution of the amount of 
introgressed sequence identified per individual for East Asian and European 
populations (population abbreviations are described in table S1). 


SCIENCE www.sciencemag.org 


dertal lineages exhibits marked heterogeneity, 
with particular chromosomal arms, such as 8q 
and 17q, depleted of Neandertal sequence (Fig. 
2A). These qualitative patterns were confirmed 
by multiple logistic regression, which showed 
that chromosomal arm was a significant pre- 
dictor (P < 10°'°) of the odds that a 50-kb win- 
dow possessed introgressed sequence (/0) (Fig. 
2C and figs. S9 and S10). Furthermore, odds ratios 
were negatively correlated with fixed differences 
between modern humans and Neandertals (Fig. 
2D) (Spearman’s p = —0.80, P< 5.8 x 10°). A 
strong depletion of Neandertal lineages spanning 
~17 Mb on 7q encompasses the FOXP2 locus 
(Fig. 2A), a transcription factor that plays an 
important role in human speech and language 
(13). The observed negative correlation between 


A 


A a fh 


odds ratio and divergence remained significant 
when East Asians and Europeans were analyzed 
separately (fig. S11) and when explicitly con- 
trolling for the presence of Neandertal lineages 
in modern humans (/0) (figs. S12 and S13). 
These results suggest that sequence divergence 
between modern humans and Neandertals was a 
barrier to gene flow in some regions of the ge- 
nome and was associated with deleterious fit- 
ness consequences (/4). 

We next leveraged the catalog of introgressed 
sequences in East Asians and Europeans to re- 
fine admixture models and infer parameters of 
gene flow between modern humans and Nean- 
dertals (figs. S14 and S15). Specifically, with 
the use of an approximate Bayesian compu- 
tation framework (/0), we statistically tested a 
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model with a single pulse of introgression into 
the common ancestor of Europeans and East 
Asians (3), as well as a second model with gene 
flow both in the common ancestor and a second, 
smaller pulse into East Asians shortly after the 
two populations split (Fig. 3A). Consistent with 
recent inferences (5, 9), observed patterns of in- 
trogression were incompatible with a one-pulse 
model (Fig. 3B), suggesting that gene flow be- 
tween Neandertals and humans occurred multiple 
times. Although we varied many parameters of 
each model (/0) (fig. S14), only the ratio of an- 
cestral effective population size between Euro- 
peans and East Asians (N.PUR/N.AS) and the 
relative amount of introgression between the 
second and first pulse (7m2/m,) had appreciable 
effects on model fit (Fig. 3B). We estimate that 
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Fig. 2. Genomic distribution of surviving Neandertal lineages. (A) 
Neandertal lineages identified in East Asians (ASN, red) and Europeans (EUR, 
blue). Gray shading denotes regions that did not pass filtering criteria (20); 
black circles represent centromeres. (B) Visual genotype illustrations of in- 


does not match the allele present in the Neandertal reference genome; black, 
other variants). Introgressed variants that overlap a PhastCons conserved element, 
DNasel hypersensitive site (DHS), or putative enhancer elements are shown as 
boxes (20). (C) Odds of finding an introgressed lineage on each chromosomal arm 


calculated from a logistic regression model (10). Odds ratios (ORs) are expressed 
using chromosome 1p as the baseline level. Horizontal bars represent 95% Cls. 
(D) Relation between the OR and the number of fixed differences per megabase 
between humans and Neandertals. p, Spearman's rank correlation coefficient. 


trogressed sequences identified in the BNC2 and POU2F3 genes. Rows denote 
individuals, columns indicate variant sites, and rectangles are colored according 
to genotype (red, predicted Neandertal variant that matches the allele present 
in the Neandertal reference genome; blue, predicted Neandertal variant that 
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Fig. 3. Organization and characteristics of Ne- AV 
andertal sequence in Europeans and East Asians One Pulse Two Pulse 
suggests at least two admixture events. (A) 

Schematic diagrams of the one- and two-pulse ad- 

mixture models. V."NS, 7.45", and NeER denote ef- Nave NaNe 

fective population sizes of the ancestral, East Asian, 
and European populations, respectively. In the one- 
pulse model, gene flow (m,) between Neandertals 1 
and the ancestors of Europeans and East Asians oc- Ts 
curs at time 7. In the two-pulse model, a second pulse 

of gene flow (m;) occurs into East Asians shortly after NS Neandertal No“ 
the divergence of Europeans and East Asians at time Ne Da 
T;. (B) Values of summary statistics calculated from 
2000 simulations under each model (red, blue, and B Present European Asian European Asian 
grey points; horizontal and vertical bars denote 95% 7 

Cls) show that a single-pulse model is incompatible 
with the observed data (white box, corrected for sam- 
ple size differences between populations; limits of box 
denote 95% Cl). Simulations that varied N.S%/vEU® 
are shown in red, and those with variable m2/m, are 
shown in blue (color bars indicate parameter values). 
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NECRINASN ig 1.29 [95% confidence interval 
(CI) of 1.15 to 1.57] and that East Asians re- 
ceived 20.2% (95% CI of 13.4 to 27.1%) more 
Neandertal sequence in the second pulse (/0). 
We note that additional unexplored models may 
provide a better fit to the data, and refining de- 
mographic models of hominin evolution is an 
important area for future work. 

The collection of surviving Neandertal lineages 
that we identified allows us to search for sig- 
natures of adaptive introgression (/5, /6). First, 
we used introgressed variants that exhibit large 
allele frequency differences between Europeans 
and East Asians (Fgy > 0.40, P < 0.001 by sim- 
ulation) (70) to identify four significantly dif- 
ferentiated regions (Fig. 4 and table S10) (0). 
Introgressed haplotypes in two of these regions 
span genes that play important roles in the in- 
tegumentary system: BNC2 on chromosome 9 
and POU2F3 on chromosome 11. BNC2 encodes 
a zinc finger protein expressed in keratinocytes 
and other tissues (/7) and has been associated 
with skin pigmentation levels in Europeans (/8). 
The adaptive haplotype has a frequency of ~70% 
in Europeans and is completely absent in East 
Asians (Fig. 2B). POU2F3 is a homeobox tran- 
scription factor expressed in the epidermis and 
mediates keratinocyte proliferation and differen- 
tiation (19, 20). The adaptive haplotype in East 
Asians has a frequency of ~66% and is found at 
less than 1% frequency in Europeans (Fig. 2B). 
No coding introgressed variants were found in 
BNC2 or POU2F3, although several highly dif- 
ferentiated introgressed variants were located in 
functional noncoding elements (2/) (Fig. 2B), 
suggesting that modern humans acquired adap- 
tive regulatory sequences at these loci. We also 
searched for shared signatures of adaptive in- 
trogression between East Asians and Europeans, 


identifying six distinct regions that have intro- 
gressed haplotype frequencies greater than 40% 
in both populations (Fig. 4 and table S11) (P< 
10°* by simulation) (/0). One of these regions 
lies in the type II cluster of keratin genes on 12q13 
(table S11), further suggesting that Neandertals 
provided modern humans with adaptive varia- 
tion for skin phenotypes. In total, 8 of the 10 can- 
didate introgressed regions overlap protein-coding 
genes (Fig. 4). 

This study shows that the fragmented rem- 
nants of the Neandertal genome carried in the 
DNA of modern humans can be robustly identi- 
fied, allowing, in aggregate, substantial amounts 
of Neandertal sequence to be recovered. In prin- 
ciple, our approach can be used in the absence 
of an archaic reference sequence, potentially al- 
lowing the discovery and characterization of pre- 
viously unknown hominins that interbred with 
modern humans (22—24). This fossil-free par- 
adigm of sequencing archaic genomes holds 
considerable promise for revealing insights into 
hominin evolution, the population genetics char- 
acteristics of archaic hominins, how introgres- 
sion has influenced extant patterns of human 
genomic diversity, and narrowing the search for 
genetic changes that endow distinctly human 
phenotypes. 
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Molecular Editing of Cellular 
Responses by the High-Affinity 


Receptor for IgE 


Ryo Suzuki,? Sarah Leach,? Wenhua Liu,” Evelyn Ralston,” Jorg Scheffel,t Weiguo Zhang,? 


Clifford A. Lowell,* Juan Rivera?* 


Cellular responses elicited by cell surface receptors differ according to stimulus strength. We investigated 
how the high-affinity receptor for immunoglobulin E (IgE) modulates the response of mast cells to a 
high- or low-affinity stimulus. Both high- and low-affinity stimuli elicited similar receptor phosphorylation; 
however, differences were observed in receptor cluster size, mobility, distribution, and the cells’ effector 
responses. Low-affinity stimulation increased receptor association with the Src family kinase Fgr and shifted 
signals from the adapter LAT1 to the related adapter LAT2. LAT1-dependent calcium signals required for 
mast cell degranulation were dampened, but the role of LAT2 in chemokine production was enhanced, 
altering immune cell recruitment at the site of inflammation. These findings uncover how receptor 
discrimination of stimulus strength can be interpreted as distinct in vivo outcomes. 


many subtleties in how receptors function to 


I has long been recognized that there are 
determine a cell’s response. For example, 
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vegetative growth of the yeast Saccharomyces 
cerevisiae is elicited by low pheromone concen- 
trations recognized by the pheromone receptor 


Ste2, whereas intermediate and high pheromone 
concentrations sensed by this receptor lead to 
chemotropic growth or mating, respectively (/). 
Mathematical modeling suggests that yeast trans- 
late pheromone concentration as the duration of 
the transmitted signal (2). 

We explored how the high-affinity immuno- 
globulin E (IgE) receptor FceRI discriminates 
high- from low-affinity stimulation to modulate 
the mast cells’ effector responses. Engagement 
of FceRI on mast cells and basophils is central 
to allergic responses (3, 4). Allergic individuals 
may produce IgE antibodies to offending aller- 
gens (a term used for allergy-inducing antigens). 
These IgE antibodies bind [via their crystallizable 
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Fig. 1. Mast cell responses differ following DNP or 2NP stimula- A 
tion of FceRI. (A) Degranulation (as measured by B-hexosaminidase 
release) of wild-type (WT) BMMCs after stimulation with indicated 
concentrations of DNP or 2NP. ***P < 0.001; two-way analysis of 
variance (ANOVA). (B) Leukotriene By (LTB,) secretion from BMMCs 
induced by treatment with 2NP (3000 ng/ml) is less than that with 
DNP (30 ng/ml). **P < 0.01, ***P < 0.001; one-way ANOVA. (C) 
Tumor necrosis factor—o. (TNFa), interleukin-6 (IL6), and IL13 are 
similarly affected at the concentrations of DNP and 2NP indicated 
in (B). *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA. (D) 
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Fig. 2. Characteristics of FceRI clusters differ with A 
2NP or DNP stimulation of BMMCs. (A) Kymographs 

of a mast cell labeled with Alexa Fluor 568—labeled IgE 

(as an FceRI marker) as captured by TIRF microscopy. 

Static view of IgE-FceRI microcluster dynamics (trajectory) 
captured upon cell contact with DNP or 2NP imbedded 

in a planar supported lipid bilayer (see supplementary 
materials) is shown in two dimensions (x and y) of move- 

ment. Movement of receptors clusters with time (t) is also 
shown. Sequential image sections for 0.5 to 450 s are 
shown in chronological order. Scale bars, 5 um. (B) The 
average number of IgE-FceRI clusters on DNP- or 2NP- 
imbedded planar supported lipid bilayer is different. 

Red bars are means + SE from 24 individual cells. ***P < 
0.001, Student's t test. (C) Average area of IgE-FceRI clus- 

ters on DNP- or 2NP-imbedded planar supported lipid bi- 

layers differs. Red bars are means + SE from 24 individual 

cells. ***P < 0.001, Student's t test. (D) Cumulative prob- 
ability distribution of the diffusion coefficient of individual 

FceRI clusters at any given time from analysis of 7835 to 
11,198 FceRI clusters on 24 different cells for DNP and E 
2NP. (E) Tyrosine phosphorylation with IgE-FceRI micro- 
clusters in DNP- or 2NP-treated cells as determined by 
intracellular staining with antibodies to phosphotyrosine. 
Fluorescence intensity in cross section (white dotted line) 
is shown. Localization was analyzed for more than 40 cells 
in each condition. Scale bars, 5 um. *P < 0.05, **P < 0.01, 
***P < 0.001; one-way ANOVA. Data are representative 
of at least three independent experiments. 
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fragment (Fc)] to FceRI with high affinity, with the antigen-specific IgE clusters the individual recep- 
half-life of IgE bound to FceRI measured in _ tors (6, 7); this step is required for generation of 
days (5). Interaction of antigen with FceRI-bound intracellular signals that cause mast cells and 
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Fig. 3. Distinct molecular signals are induced in 2NP-treated BMMCs: Enhanced role for Fgr 
and LAT2. (A) Phosphorylation of the FceRI (ITAMy Y47) in WT, syk~~, fyn~~, and lyn” BMMCs 
after DNP (30 ng/ml) or 2NP (3000 ng/ml) treatment. Relative increase is normalized to the control 
(CTL) for WT. (B) Kinetics of LAT1 and LAT2 phosphorylation detected by Western blot differ in cells 
treated with DNP or 2NP. Relative increase is normalized to DNP (0 min). (C) Single cell analysis of 
BMMC calcium responses in the absence or presence of extracellular Ca ([Ca?*],; +[Ca?*],) as indi- 
cated. Fluorescence intensity of a single cell with time (more than 300 cells were monitored in total) 
was measured and shown as the “calcium response” normalized to the baseline fluorescence. Single cells, 
solid colored lines; averaged responses, black line with open circles. (D) Localization of the LAT2-RFP 
(green) in lat2”~ BMMCs with Alexa Fluor 647—conjugated IgE (red, marking FceRI) after DNP or 2NP 
treatment. Images were captured by TIRF microscopy at 120 or 300 s. Fluorescence intensities of IgE-FceRI 
microclusters and LAT2-RFP are shown in the graphs. Colocalization was analyzed in 15 to 30 cells for 
each condition. ***P < 0.001, Student's t test. Scale bar, 5 um. (E) Fluorescence intensities of Lyn-YFP 
(green), Fgr-RFP (white), IgE-FceRI microclusters (cyan) in BMMCs derived from fgr”~ hck’~ lyn” 
mice treated with DNP or 2NP for 60 or 120 s. Mean fluorescence intensity was measured from at least 
50 cells for each condition. ***P < 0.001, Student's ¢ test. Scale bar, 5 um. (F) CCL2 secretion by BMMCs 
from the indicated mice. *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA. Data are means + SE 
from at least four individual experiments. 


basophils to release allergic mediators (3, 8). The 
antigen-binding (Fab) portion of FceRI-bound 
IgE antibodies may differ in their affinity for the 
antigen [as seen in allergic individuals (9)], pre- 
sumably affecting the duration of the transmitted 
signal and subsequent outcome. Whether FceRI 
functionally distinguishes differences in the affin- 
ity of IgE antibody and antigen interactions is not 
clear. To investigate this, we used two previously 
described antigens (/0): dinitrophenyl-caproate-Fab 
(DNP, high affinity) and 2-nitrophenyl-caproate- 
Fab (2NP, low affinity). These differ in their relative 
affinities for binding to FceRI-bound DNP-specific 
IgE by approximately three orders of magni- 
tude. In bone marrow-derived mouse mast cells 
(BMMCs) (//), FceRI phosphorylation was sim- 
ilar with approximately 100 times as much 2NP 
(3000 ng/ml) as DNP (30 ng/ml) (fig. S1A); the 
kinetics of FceRI phosphorylation were un- 
altered at these concentrations (fig. S1B). How- 
ever, cellular responses differed as 2NP elicited 
less than 20% of the DNP-induced degranulation 
response (Fig. 1A) at 3000 ng/ml and 30 ng/ml, 
respectively, and showed reduced leukotriene 
B4 (Fig. 1B) and cytokine production (Fig. 1C) 
but enhanced chemokine production (Fig. 1D). 
DNP- and 2NP-induced responses required the 
presence of DNP-specific IgE (fig. S2, A and B), 
and 2NP treatment had no effect on responses 
initiated through ovalbumin (OVA)-specific IgE 
(fig. S2, C and D). 

To explore the differences in DNP- and 2NP- 
induced FceRI clustering, we used total internal 
reflection fluorescence (TIRF) microscopy to 
study DNP-specific IgE-bearing mast cells after 
their contact with either a DNP- or 2NP-imbedded 
planar supported lipid bilayer, while maintaining 
equal receptor phosphorylation and differences 
in mast cell degranulation (fig. S3, A and B). 
Exposure to DNP resulted in highly mobile re- 
ceptor clusters that moved from the cell periphery 
toward the cell center to form a synapse-like lo- 
calization as described for the T cell receptor 
(12, 13) (movie S1). In contrast, treatment with 
2NP revealed slower movement of receptor 
clusters and a diffuse distribution with a loosely 
organized synapse-like structure at the cell cen- 
ter (movie $2). Analysis of receptor cluster move- 
ment with time (Fig. 2A) revealed greater numbers 
of receptor clusters at the periphery in 2NP- 
treated cells. The total number of clusters formed 
at any given time was greater upon DNP treatment 
(Fig. 2B), but the area occupied by these clusters 
was larger after 2NP treatment (Fig. 2C). The 
relative mobility of receptor clusters in cells treated 
with 2NP was on average one-third that of clus- 
ters formed by DNP treatment (Fig. 2D). Phos- 
photyrosine (a hallmark of intracellular signaling) 
was localized with both DNP- and 2NP-formed 
receptor clusters, although stronger colocalization 
was evident after 2NP treatment (Fig. 2E). These 
findings demonstrate that the FceRI clusters in- 
duced by DNP or 2NP differ spatiotemporally. 

We explored whether differences in the spatio- 
temporal behavior of receptor clustering by DNP 
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or 2NP were translated into changes in FceRI- 
generated intracellular signals. Analysis of the 
phosphorylation of FceRIy at Tyr*’ (Y47) showed 
increased phosphorylation at this site (Fig. 3A) 
after cell treatment with 2NP, relative to DNP, 
and the increased phosphorylation was not de- 
pendent on Syk, Fyn, or Lyn; however, Lyn de- 
ficiency reduced the overall phosphorylation of 
FceRI for both stimuli (74). In contrast, phos- 
phorylation of Syk on the activation loop tyrosines 
(Y519 and Y520), a marker of its activity, was 
reduced with 2NP treatment (fig. S4A). The 
adapter molecule LAT1 (linker for activation of 
T cells—1) is a target of Syk and scaffolds multi- 
ple signaling molecules at the plasma membrane, 
including the phospholipases PLCy1 and PLCy2, 
whose activity is essential for initiating release 
of calcium from intracellular stores. Phosphoryl- 
ation of LAT1 (Fig. 3B) and of PLCy1 and PLCy2 
(fig. S4B) was greater in DNP-treated cells than 
in 2NP-treated cells. Calcium mobilization, a key 
regulator of degranulation (/5), from intracellu- 
lar or extracellular sources was also greater upon 
DNP treatment (Fig. 3C), consistent with the bet- 
ter degranulation of DNP-treated cells relative to 
2NP-treated cells. Phosphorylation of the LAT1- 
related adapter LAT2 was increased (Fig. 3B) in 
2NP-treated mast cells. Greater colocalization of 
LAT2 with FceRI was observed in 2NP-treated 
cells relative to DNP-treated cells (movies S3 
and S4), and these differences (as determined 


Fig. 4. Immune cell recruitment at the site of in- 
flammation differs in mice treated with DNP or 
2NP after passive cutaneous anaphylaxis (PCA). 
(A) Fluorescence-activated cell sorter identification 
of cell types recruited to the site of inflammation. 
Monocytes or macrophages and neutrophils were 
identified as Gr-1* (hi) CD11c° CD11b* F4/80* (in- 
termediate) neutrophil [7/4]* Ly-6G” and Gr-1* (hi) 
CD11¢ CD11b* F4/80* (intermediate) neutrophil 
[7/4]* Ly-6G*, respectively. Data are means + SE from 
at least six individual experiments. *P < 0.05; one- 
way ANOVA. (B and C) Whole-mount ear tissue im- 
munostaining after PCA reaction reveals differential 
immune cell recruitment after DNP or 2NP treatment. 
Mast cells (red) are located along blood vessel (white); 
degranulation was observed under DNP challenge 
(middle panel). Total number of neutrophils [green 
in (B)] or monocyte or macrophages [green in (Q)] 
in random images from six to eight ears per group 
were counted and normalized per 0.005 mm?. Data 
are means + SE. **P < 0.01, ***P < 0.001; one-way 
ANOVA. One representative image of at least three 
independent experiments is shown for (B) and (C). 


by fluorescence intensity) were quantifiable (Fig. 
3D). Thus, the differences in FceRI clustering 
by DNP or 2NP alter the balance of molecular 
signaling, dampening some (i.e., LAT] and PLCy 
phosphorylation) but enhancing others (i.e., LAT2 
phosphorylation). 

Although the absence of Lyn in mast cells 
caused decreased phosphorylation of FceRIy 
on Y47 (Fig. 3A), phosphorylation at this site 
was greater in 2NP-treated cells relative to DNP- 
treated cells, which suggested the possible phos- 
phorylation of FceRI by another tyrosine kinase 
after 2NP treatment. FceRI phosphorylation was 
completely inhibited by the Src family kinase 
selective inhibitor 4-amino-5-(4-chlorophenyl)- 
7-(t-butyl)pyrazolo[3,4-d]pyrimidine (also known 
as AG1879 or PP2) (fig. SSA). Multiple Sre fam- 
ily kinases are expressed in mast cells includ- 
ing Fgr, Fyn, Hck, Lyn, and Yes, although Yes 
is seemingly restricted to transformed mast cell 
lines (16). Hck deficiency in mast cells results 
in enhanced FceRI phosphorylation, and Fyn 
does not contribute to FceRI phosphorylation 
(17, 18), but recent work has suggested that Fgr 
can associate with FceRI (/9) (fig. S5B) and 
contribute to its function. In mast cells derived 
from fer“ hck’ lyn’ mice, we found no phos- 
phorylation of FeeRI, LAT1, or LAT2 (fig. SSC). 
Reconstitution of these cells with a retrovirus 
encoding Hck also failed to restore phosphoryl- 
ation of the aforementioned molecules. How- 


A 


ever, retroviral reconstitution with Fgr restored the 
phosphorylation of FeeRI, LAT1, and LAT2, even 
in the absence of Lyn. Phosphorylation of LAT2 
was increased relative to LAT1 (fig. SSC). Local- 
ization of FceRI with Fgr or Lyn in cells recon- 
stituted with both proteins revealed increased 
colocalization of Fgr in 2NP-treated cells relative 
to DNP-treated cells but no significant change in 
Lyn colocalization with FceRI (movies S5 and S6). 
The amount of Fer associated with FceRI (as de- 
termined by fluorescence intensity) in 2NP-treated 
cells was more than twice that in DNP-treated cells 
(Fig. 3E). Thus, differences in FceRI clustering re- 
sult in changes in the balance of receptor-associated 
kinases and subsequent downstream signaling. 
To determine whether Fgr or LAT2 contributed 
to the enhanced chemokine response observed 
after 2NP stimulation, we analyzed the chemokine 
(C-C motif) ligand 2 (CCL2) response of Fgr- or 
LAT2-deficient mast cells after treatment with 
DNP or 2NP. Fer or LAT2 deficiency impaired 
CCL2 secretion in response to both DNP and 2NP 
(Fig. 3F). Conversely, overexpression of Fgr en- 
hanced production of CCL2 in response to both 
DNP and 2NP (Fig. 3F). Fgr or LAT2 deficiency 
enhanced 2NP-induced mast cell degranulation 
(fig. SSD), demonstrating negative regulatory con- 
trol of this response. 

Subtle changes in cell signaling may have 
consequences in vivo. To test this, we used a pas- 
sive cutaneous anaphylaxis (PCA) model, which 
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provides a localized assessment of mast cell re- 
sponses, maintaining the factor of 100 times the 
2NP concentration relative to that of DNP. At 
30 min after exposure to DNP or 2NP, vascular 
permeability as measured by extravasation of 
Evans blue dye (see supplementary materials) was 
significantly higher in DNP- than 2NP-treated 
mice (fig. S6A). Consistent with this result, more 
mast cells were degranulated in animals treated 
with DNP. Ear swelling was significantly differ- 
ent 30 min after DNP or 2NP treatment but nar- 
rowed with time (fig. S6B), and the increase in 
the thickness of the dermis was similar at 3 hours 
after stimulation (fig. S6C). Immune cell infiltra- 
tion was similarly increased in animals exposed 
to DNP or 2NP (fig. S6D). By 12 hours after 
stimulation, the thickness of the dermis returned 
to that of control mice (fig. S6E) but immune cell 
infiltrates were still elevated relative to control mice 
(fig. S6F). Given that an inflammatory response 
was initiated by either DNP or 2NP, we explored 
the cell types involved. Gr-1* CD11¢ CD11b* 
cells were distinguished on the basis of the mye- 
loid marker 7/4 [Ly-6B.2, which is somewhat 
more highly expressed by recently generated in- 
flammatory macrophages (20)] from neutrophils 
as marked by Ly-6G (Fig. 4A). Exposure to DNP 
caused increased numbers of neutrophils relative 
to inflammatory macrophages, whereas this ratio 
was reversed in animals treated with 2NP, con- 
sistent with the increased secretion of monocyte- 


or macrophage-attracting chemokines, such as 
CCL2, CCL3, and CCLA, after treatment of mast 
cells with 2NP (Fig. 1D). Whole-mount immuno- 
histochemical analysis of the skin also revealed 
these differences (Fig. 4, B and C), and skin mast 
cells from 2NP-treated mice produced greater 
amounts of CCL2 than did those in the skin of 
DNP-treated mice (fig. S7). Thus, low-affinity 
stimulation of FceRI results in an inflammatory 
response marked by a shift in the monocyte or 
macrophage/neutrophil ratio. 

Collectively, our findings demonstrate that 
differences in the affinity of antigen and anti- 
body interactions are discriminated by receptors 
through qualitative changes in molecular signals 
resulting in distinct outcomes. This discrimina- 
tory ability of receptors may extend beyond the 
immune system. 
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Cell Surface ABP1-TMK 
Auxin-Sensing Complex Activates 
ROP GTPase Signaling 


Tongda Xu,?'2? Ning Dai,** Jisheng Chen,? Shingo Nagawa,”? Min Cao,” Hongjiang Li, 


1,5,6 


Zimin Zhou,” Xu Chen,° Riet De Rycke,> Hana Rakusova,”* Wuyi Wang,’+ Alan M. Jones,® 


Jiti Friml,>"~? Sara E. Patterson,’ Anthony B. Bleecker,*+ Zhenbiao Yang 


1,3,10¢ 


Auxin-binding protein 1 (ABP1) was discovered nearly 40 years ago and was shown to be 
essential for plant development and morphogenesis, but its mode of action remains unclear. 
Here, we report that the plasma membrane-localized transmembrane kinase (TMK) receptor-like 
kinases interact with ABP1 and transduce auxin signal to activate plasma membrane—associated 
ROPs [Rho-like guanosine triphosphatases (GTPase) from plants], leading to changes in the 
cytoskeleton and the shape of leaf pavement cells in Arabidopsis. The interaction between ABP1 
and TMK at the cell surface is induced by auxin and requires ABP1 sensing of auxin. These findings 
show that TMK proteins and ABP1 form a cell surface auxin perception complex that activates 
ROP signaling pathways, regulating nontranscriptional cytoplasmic responses and associated 


fundamental processes. 


uxin regulates nearly all aspects of plant 
A eens and behavior and impinges 

on a great variety of responses involving 
cell polarization, expansion, division and differen- 
tiation. Exactly how this small-molecule hormone 
achieves this multitude of diverse roles is largely 
unexplained, although it may be perceived by 
multiple functionally distinct auxin perception 
and signaling systems (/—6). Members of the nu- 
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clear TIR1/AFB F-box protein auxin receptor 
and AUX/ IAA co-receptor families modulate 
nuclear gene transcription in response to various 
auxin concentrations (/—4). 

Independently of the TIR1 family, auxin- 
binding protein 1 (ABP1) was proposed to per- 
ceive extracellular auxin to regulate a plethora of 
plasma membrane or cytoplasmic responses not 
necessarily involving gene transcription (6—/8). 


ABP1 may also coordinate with the TIR1/AFB 
pathway to regulate gene transcription (/6, 9). 
ABP1 is essential for early embryogenesis, root 
development, leaf expansion, cell morphogen- 
esis, and subcellular distribution of PIN auxin 
transporters (6, 8, 9, 12, 13, 15—18, 20, 21). ABP1 
is required for the auxin-dependent activation 
of ROPs [Rho-like guanosine triphosphatases 
(GTPases) from plants] at the plasma membrane, 
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which subsequently regulates cytoskeletal orga- 
nization and clathrin-mediated endocytosis of 
PIN proteins (5, 17, 18, 22, 23). However, it is not 
known how ABP! transmits the auxin signal to 
regulate these cytoplasmic responses. Here, we 
demonstrate that the transmembrane kinase (TMK) 
members of the receptor-like kinase family interact 
with ABP1 on the cell surface in an auxin-dependent 
manner and are required for the auxin-mediated 
activation of ROP GTPase signaling. 

To transduce extracellular auxin to the cyto- 
plasmic responses, secreted ABP1 is expected to 
communicate with the cytoplasm through a trans- 
membrane docking protein (/7, 18, 24). We hypoth- 
esized that TMKs serve as ABP1 docking proteins. 
TMKs belong to a clade of receptor-like kinases 
with four functionally overlapping members whose 
founding member is TMK1. They contain an intra- 
cellular kinase domain, a single transmembrane 
pass, and an extracellular domain with two re- 
gions of leucine-rich repeats (LRRs) separated 
by anon-LRR region. TMKs affect multiple auxin- 
mediated processes (25). We found that #mk mu- 
tants are affected in the same responses regulated 
by ABP1. The tmkI~ ;tmk2* :tmk3” tmk4" mo 
tant (tnkI~’ ;tmk234) displayed embryo lethali- 
ty, though with a lower penetrance of lethality as 
conferred by abp/ null mutations (fig. S1). Both 
inkl ;tmk234 and tmkI~“ ;tmk234_ seedlings 
displayed single cotyledons and fused leaf-cups, 
typically found in pin/-/ mutants (Fig. 1, A to 
C; fig. S2A; and table S1). Some PINs (including 
PIN1) modulate auxin efflux, are polarly distrib- 
uted to the plasma membrane, and are regulated 
by ABPI- and ROP GTPase-dependent auxin 
signaling (17, 18, 26-28). PIN1 localization is also 
affected in unkI”* tmk234 mutant (fig. S1, E to 
G), as in abp/ or rop mutants (18, 28). A weak 
abp] allele (abp!-5) greatly enhances cotyledon 
defects in umkI~ ;tmk234, suggesting a functional 
interaction between ABP1 and TMKs (table S1). 

Auxin promotes the development of inter- 
digitated pavement cells in the Arabidopsis leaf 
epidermis through ABP1 and ROP GTPases 
(8). The pavement cells of ankI~*;tmk234 showed 
interdigitation defects similar to but stronger 
than those observed in the abp/-5 mutant (Fig. 
1, D and F). Just as in abp1-5, the pavement cell 
defects in tmk1 ~~ -1mk234 mutants were not 
rescued by auxin (Fig. 1, D to G) (/8). The 
abp1-5;tmkI’ tmk234 quintuple mutant displayed 
a phenotype similar to that of the #mkI“ ;tmk234 
mutant (fig. S2C). These results suggest that 
TMKs are required for auxin promotion of pave- 
ment cell interdigitation and support an over- 
lapping function with ABP1 in this process. 

Auxin activates both the ROP2- and ROP6- 
dependent pathways in an ABP1-dependent man- 
ner in leaf pavement cells (/8). We determined 
whether TMKs were also required for the rapid 
activation of ROP2 and ROP6 GTPases by auxin, 
similar to ABP1 (/8). Green fluorescent protein 
(GFP)}-ROP2 and GFP-ROP6 transgenic plants 
were crossed with the mnkI~* ;tmk234 mutant, and 
tmkI’ tmk234 plants containing GFP-ROP2 or 


-ROP6 were isolated for ROP activity assays 
(Fig. 2, A to D) (see supplementary materials and 
methods). In GFP-ROP2 and GFP-ROP6 trans- 
genic lines, the amount of active GFP-ROP2 and 
GFP-ROP6 proteins increased nearly fourfold 
upon treatment with 100 nM naphthaleneacetic 
acid (NAA), as previously shown (Fig. 2, A to 
D) (8). However, in tmkI” tmk234;GFP-ROP2 
or tmkI-’ tmk234;GFP-ROP6 mutants, auxin- 
mediated activation of GFP-ROP2 and GFP- 
ROP6 was largely abolished (Fig. 2, A to D), as 
in the abp1-5 mutant (/8). 

We next assessed the effect of tmk mutations 
on ROP2 and ROP6 signaling targets in leaf 
pavement cells. The ROP2 effector RIC4, lo- 
calized to the plasma membrane especially at 
the tip of the lobes, promotes the accumulation 
of cortical actin microfilaments (F-actin) (Fig. 
2E) (18, 22, 23). In the tmkI~ ;tmk234 mutant, 
the lobe tip and plasma membrane distribution 
of GFP-RIC4 was abolished, as in abp/-5 and 
rop2RNAi,;rop4-1 mutants (Fig. 2F) (18, 22). 
Furthermore, cortical F-actin, which normally 
accumulates at lobe sites (fig. S3A), was absent 
from the cortical regions of tmkI’ ;tmk234 mu- 
tant pavement cells, just as in abp/-5 mutants 
(8, 22) (fig. S3B). The ROP6 effector RIC1 
associates with cortical microtubules and pro- 
motes their organization upon activation by 


> 


ROP6. The association of yellow fluorescent 
protein (YFP)-RIC1 with cortical microtubules 
was abolished in the #mkI” ;tmk234 quadruple 
mutants, causing the disorganization of corti- 
cal microtubules, as observed in the abp/-5 and 
rop6-1 mutants (18, 23) (Fig. 2, G to H; and fig. 
S3, C and D). These results indicate that TMKs 
participate in auxin perception or signaling that 
activates both the ROP2 and ROP6 pathways in 
leaf pavement cells, similar to ABP1. 

Given the occurrence of both ROP2 and ROP6 
activation at the plasma membrane (/8, 22, 23), 
their upstream signaling components are ex- 
pected to localize to the cell surface as well. In 
both the leaf pavement cells and mesophyll cells 
of a pTMK1::TMK1-GFP transgenic line, TMK 1- 
GFP was localized to the plasma membrane (fig. 
S4, A and B; and fig. S2, H and J). Although 
ABP! is mostly found in the endoplasmic retic- 
ulum (ER), a fraction of ABP1 was observed on 
the cell surface in maize (8, /0, 11, 24, 29, 30). 
To determine ABP! distribution, we performed 
immunogold histochemistry in conjunction with 
transmission electron microscopy (TEM) (fig. 
S5, B to H) and epifluoresence microscopy of 
GFP-tagged ABP1 (fig. SSI). The TEM analysis 
indicates that the majority of ABP1 localized to 
the ER, whereas ~22% ABP1 is detected on the 
plasma membrane in Arabidopsis root cells, 
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pin1-1 mutant (Q). Scale bars, 500 um. (D to H) Pavement cell phenotype of the wild type with (D) or 
without (E) auxin (20 nM NAA) treatment, and tmk1~":tmk234 quadruple mutant with (F) or without (G) 
auxin (20 nM NAA) treatment. Scale bars, 10 um. The degree of pavement cell interdigitation was 
quantified by determining the average number of lobes per square micrometer of pavement cells (Ave 


Lobe No./um?) (H). Error bars indicate SD. 
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consistent with ABP1 distribution in maize. ABP1- 
GFP was found both in the ER and on the plas- 
ma membrane in Arabidopsis pavement cells (fig. 
S51). When these cells were plasmolyzed to detach 
the plasma membrane from the cell wall, ABP1 
signal was observed in strands connecting the 
apoplast and the plasma membrane (fig. SSI). As 
a negative control, cytoplasmic dominant-negative 
ROP2 and ER-localized Calnexin did not show 
comparable apoplastic signal (fig. SS, K and L). 
These results support the hypothesis that TMK1 
and ABP! are localized to the cell surface suitably 
for the activation of ROP2 and ROP6. 

Our data suggest that TMKs and ABP1 are both 
required for the activation of plasma membrane— 
localized ROP2 and ROP6 GTPases in leaf 
pavement cells (Fig. 2) (78). In addition, plasma 
membrane-localized TMKs are required for cell 
expansion in several other cell types, including 
mesophyll cells (fig. S21) (25). ABP1 is also known 
to promote cell expansion in mesophyll cells; 
in particular, the cell surface—localized ABP 1 


has been implicated in the promotion of auxin- 
mediated expansion of mesophyll cells (72, /3). 
Thus, we hypothesized that secreted ABP! and 
the plasma membrane-localized TMK1 phys- 
ically form a complex in the perception and sig- 
naling of extracellular auxin. To test this, we 
used an antibody to GFP (anti-GFP) to immuno- 
precipitate the TMK1-GFP protein complex from 
the protoplasts of pTMK1::TMK1-GFP transgenic 
plants, which were isolated from expanding leaves 
and contained both mesophyll cells (92%) and 
epidermal cells (8%). The ABP1 antibody was 
used to detect the presence of ABP1 in the com- 
plex. ABP1 was detected in the TMK1-GFP pro- 
tein complex but not in the control BRI1-GFP 
immunoprecipitates, indicating that ABP1 spe- 
cifically associates with the TMK1 protein com- 
plex (Fig. 3A). Treatments with auxin NAA or 
IAA increased the amount of ABP1 detected in 
the TMK1-GFP protein complex (Fig. 3A). The 
auxin dosage response was similar to that for the 
activation ROP2 and ROP6 (/8). Furthermore, 
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Fig. 2. Transmembrane kinases are required for the auxin-mediated activation of ROP2 and 


ROP6. (A and B 


B) ROP2 activation by auxin in the wild type and the tmkI”, 


tmk234 mutant was 


analyzed by pull-down assay, as described previously (78) (A). Quantification of relative active GFP- 
ROP2 level (amount of GTP-bound GFP-ROP2 divided by amount of total GFP-ROP2) to control (as “1”) 
is shown (B). ROP6 activation by auxin in the wild type and the tmk1~ ;tmk234 mutant was tested (C) 
and quantified (D) as above. Data shown represent one of the three replicates. (E to H) The activation of 
ROP2 was analyzed by using GFP-RIC4 subcellular distribution in the wild type (E) and the tmkI” ;tmk234 
mutant (F). The ratio of plasma membrane—localized RIC4 to cytosolic RIC4 decreased from 3.14 + 0.62 
in the wild type to 0.68 + 0.31 (n = 30 cells; P < 0.001) in the tmk1” ;tmk234, indicating lower ROP2 
activity in the mutant. (G and H) The activation of ROP6 was analyzed by using YFP-RIC1 localization 
in the wild type (G) and the tmk1~;tmk234 mutant (H). The microtubule-localized RIC1 (ratio of 
RIC1 bundle length to cell size) decreased dramatically from 0.92 + 0.26 um * in the wild type to 
0.22 + 0.12 um? (n = 30 cells; P < 0.001) in the tmk1” ;tmk234 mutant, indicating lower ROP6 


activity level in the mutant. Scale bars, 5 ym. 


the chosen range of concentrations was between 
0.2 and 2 times the dissociation constant of NAA 
binding to ABP! (7). In a reciprocal experiment 
using the ABP1 antibody to immunoprecipitate 
the ABP1 protein complex, we also found that 
auxin treatment increased the amount of TMK1 
protein in this complex (Fig. 3B). These results 
demonstrate that auxin promotes the formation 
of the ABP1-TMK1 protein complex. 

We next assessed whether auxin promotion 
of the ABP1-TMK1 complex formation involves 
ABP! perception of auxin using the ABP1-5 mu- 
tant protein. The abp/-5 point mutation in the 
auxin-binding pocket of ABP1 greatly reduces 
its sensitivity to auxin for the activation of ROP2 
and ROP6 (/8). Anti-ABP1 detected the ABP1-5 
mutant protein in the TMK1 complex only after 
extended exposure, suggesting that the ABP1-5 
mutant protein is, at best, weakly associated with 
TMK] (fig. S6, A and B). Moreover, auxin (both 
NAA and IAA) treatment only weakly enhanced 
the association of the ABP1-5 mutant protein with 
the TMK1 complex (Fig. 3C and fig. S6, A and 
B). These results indicate that ABP1 sensing of 
auxin is important for the ABP1-TMK1 com- 
plex formation. 

On the basis of the above results, we pro- 
pose that the secreted form of ABP1 associates 
with the extracellular domain of TMK1 at the 
cell surface. If the extracellular domain associates 
with ABP1, overexpression of truncated TMK1 
(EX-TMK1, AA1~520), in which the intracel- 
lular domain is deleted, would act as a dominant- 
negative mutant (DN-TMK1) by trapping ABP1 
and compromising the function of ABP! and 
endogenous TMKs. The 35S::EX-TMK1 construct 
induced a similar pavement cell phenotype to 
that of tmkI~ ;tmk234 and abp1-5 mutants (fig. 
S7, A and B). Furthermore, EX-TMK1 partially 
or totally blocked the activation of ROP6 and 
ROP2 by IAA treatment (fig. S7C). 

We next tested the physical interaction between 
ABP1 and EX-TMK1 coexpressed in Nicotiana 
benthamiana tobacco leaves. Coimmunoprecip- 
itation showed that ABP1 associated with both 
TMK1 and EX-TMK1 fused with HPB (HA- 
PreScission-Biotin; HA, GE Healthcare Life Sci- 
ences) in tobacco leaves (Fig. 4A). The kinase 
domain, a mutant with the N-terminal LRR re- 
peats removed, or HPB alone did not associate 
with ABP! (fig. S6C). ABP1 appeared to im- 
munoprecipitate a greater amount of EX-TMK1 
compared with full-length TMK1. Furthermore, 
the interaction between ABP1 and EX-TMK1 
was induced by NAA or IAA in a concentration- 
dependent manner, very similar to that observed 
for the association of ABP1 with TMK1-GFP in 
Arabidopsis (Fig. 4A). Finally, the ABP1-5 mutant 
protein interacted weakly with EX-TMK1-HPB, 
and the interaction was not promoted by the ad- 
dition of NAA or IAA (Fig. 4B). Therefore, auxin 
mediates the interaction between ABP1 and the 
extracellular domain of TMK 1. 

Our findings demonstrate that the plasma 
membrane-localized TMK1 receptor-like kinase 
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Fig. 3. Auxin promotes the association of TMK1 with ABP1 in Arabidopsis. (A and B) The as- 
sociation of ABP1 with TMK1-GFP in Arabidopsis leaves was determined by coimmunoprecipitation (Co-IP) 
assay. Plasma membrane—lcalized BRI1-GFP was used as a negative control. The protein complex from leaf 
protoplasts treated with different concentrations of auxin (NAA and IAA) was immunoprecipitated by GFP 
antibody (A) or ABP1 antibody (B). ABP1 was detected in the TMK1-GFP complex in an auxin-dependent 
manner (A). TMK1-GFP was detected in the ABP1 complex, also in an auxin-dependent manner (B). Input 
ABP1 indicates the total amount of ABP1 in protein samples before coimmunoprecipitation. (C) A weak 
association of TMK1-GFP with an ABP1-5 mutant protein in the abp1-5;TMK1-GFP mutant was not induced 
by auxin addition. The signal shown here (B) was obtained by extended exposure, compared with that 
shown in (A) (see fig. $6, A and B). 
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Fig. 4. Auxin promotes the interaction of ABP1 with the extracellular domain of TMK1. (A) The 
association of ABP1 with TMK1 or EX-TMK1 was analyzed by coimmunoprecipitation in tobacco leaves that 
transiently expressed ABP1 and EX-TMK1 tagged with HPB. Streptavidin-coated magnetic beads were used 
to immunoprecipitate TMK1-HPB or EXTMK1-HPB protein complexes, which were immunoblotted with the 
ABP1 antibody. The same assay was carried out for ABP1-5 and EX-TMK11 (B). 


is functionally and physically associated with 
ABP! at the cell surface to regulate auxin- and 
ABP 1-mediated activation of ROP GTPase sig- 
naling. TMK1 is at least one of the long-sought 
docking proteins coupling extracellular auxin 
and its perception by ABP! to cytoplasmic signal- 
ing (6, 14, 24). This discovery solves the mystery 
of the cell surface—cytoplasmic auxin perception 
and signaling system and opens up a new hori- 


zon in auxin biology. Clearly, the TIR1/AFB- 
based nuclear pathways are essential for various 
auxin responses (/, 2). The pleiotropic pheno- 
types of the #mk and abp1 mutants also indicate 
an essential role for the extracellular auxin per- 
ception (/2, 13, 15, 17, 18, 25). The functions of 
ABP! and TMKs agree with their role in reg- 
ulating PIN distribution but also point to un- 
explored roles for extracellular auxin in other 


pathways (6, 17, 18, 21, 26-28). Therefore, the 
discovery of the ABP1-TMK complex under- 
lies many exciting prospects of elucidating the 
roles of cell surface auxin perception and its 
relation with the TIR1/AFB-based nuclear auxin 
perception. 
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Cellular & molecular mechanisms underlying the autism 
spectrum disorder Rett syndrome; 
Dr. Nurit Ballas, WC-R-8461-14-02-S. 
NEUROBIOLOGY AND BEHAVIOR 


Cortical processing of chemosensory information and reward; 
Dr. Alfredo Fontanini, WC-R-8474-14-02-S. 


Developmental Molecular Cellular Neurobiology; 
Dr. Maya Shelly, WC-R-8475-14-02-S. 


Experience-dependent plasticity in cortical circuits; 
Dr. Arianna Maffei, WC-R-8476-14-02-S. 


Functional Capacity of the Damaged Spinal Cord; 
Dr. Lorne Mendell, WC-R-8477-14-02-S. 


Molecular Structure of Glutamate Signaling; 
Dr. Lonnie Wollmuth, WC-R-8478-14-02-S. 


Regulation of Neural Gene Expression; 
Dr. Howard Sirotkin, WC-R-8479-14-02-S. 
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Dr. Gary Matthews, WC-R-8480-14-02-S. 
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Dr. William Collins, WC-R-8481-14-02-S. 


Electrophysiological and Optogenetic Studies of Central Cholinergic Circuits; 
Dr. Lorna Role, WC-R-8482-14-02-S. 


Molecular Mechanisms of Neuronal Phenotype Control; 
Dr. Simon Halegoua, WC-R-8483-14-02-S. 
PSYCHIATRY & BIOMEDICAL ENGINEERING 


Acquisition and Analysis of Diffusion MRI; 
Dr. Christine DeLorenzo, HS-R-7373-13-10-F. 


SCHOOL OF MARINE AND ATMOSPHERIC SCIENCES (SoMAS) 


Trace gas isotopic analysis & methods development for paleo-climatic studies; 
Dr. John Mak, WC-R-8347-14-01-F. 


Climate change effects on fish & shellfish ecology & ecosystems; 
Dr. Michael Frisk, WC-S-8456-14-02-S. 


LAUFER CENTER FOR PHYSICAL AND QUANTITATIVE BIOLOGY 
Computational/physical biology: Regulatory networks in growing & evolving cell 
populations; 

Dr. Gabor Balazsi, WC-S-8486-14-02-S 

Statistical physics of cells or proteins; 

Dr. Ken Dill, WC-S-8487-14-02-S 


Interface of synthetic and evolutionary biology; 
Dr. Gabor Balazsi, WC-S-8488-14-02-S 


To apply online and for information, visit www.stonybrook.edu/jobs 
under category “K” or mail résumés to: 
Human Resource Services, 390 Administration Building 
Stony Brook University, Stony Brook, NY 11794-0751 
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Fifty percent of all science created in Brazil is 
produced in the State of Sdo Paulo. The state hosts 
three of the most important Latin American universities: 
USP, UNICAMP and UNESP. Other universities and 
19 research institutes are also located in Sdo Paulo, 
among them the renowned Instituto Tecnolégico de 
Aerondutica (ITA), Instituto Nacional de Pesquisas 
Espaciais (INPE) and Laboratério Nacional de Luz 
Sincrotron, besides most of Brazilian Industrial P&D. 


The Sdo Paulo Research Foundation (FAPESP), one 
of the leading Brazilian agencies dedicated to the 
upport of research, has ongoing programs and 
upport mechanisms to bring researchers from abroad 
to excellence centers in SGo Paulo. 


S 
S 


The Young Investigators Awards is part 

of FAPESP’s strategy to strengthen the State research 
nstitutions, favoring the creation of new research 
groups. See more about it at www.fapesp.br/yia. 
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FAPESP Post-Doctoral Fellowship is aimed 
at distinguished researchers with a recent doctorate 
degree and a successful research track record. 


The 


fellowship enables the development of research 


with 


in higher education and research institutions 


in SGo Paulo. Postdoc fellowships are available when 
calls for applications are issued internationally, or as 


Location: SGo Paulo, SP, Brazil 


Primary Contact Details: 
Rua Pio XI, 1500 - Alto da Lapa 
05468-90] 


individual fellowships requested on demand. 


n the first case, positions are advertised at 


www.fapesp.br/oportunidades/ and candidates 


are selected through international competition. In 
second, the proposal must represent an addition 
fo a pre-existent research group and should be 
developed in association with faculty in higher 
education and research institutions in SGo Paulo. 
More information at www.fapesp.br/en/postdo 
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A Scientist’s Guide to 
Social Media 


Social networking sites like Facebook, LinkedIn, and Twitter can be 
intimidating for introverted scientists—all that interaction, 24/7. But 
actually, online communities are perfect for people who want to cogitate 
before they comment. Social networks also give extroverts a channel for 
real-time global intercommunication. No matter your personality type, 
career advisors recommend that postdocs use online networking tools to 
make connections, exchange scientific ideas, and advance a career. This 
guide is designed to nudge reluctant networkers to get started with an 
online professional profile and help social media experts get even more out 
of social networking. By Chris Tachibana 


n 2009, Kaan Aksit (@kaanaksit) 
found himself surrounded by Dutch 
“You simply must Facebook enthusiasts. Akgsit was a visit- 

ing student at Philips Research in the 
Netherlands at the time and “not the kind 


of guy to use social media.” After initially 


have an online 


” 
Pissence:. resisting invitations to online communities 


from coworkers, Akgit says, “my supervi- 
sor finally said, ‘at least use LinkedIn.” The 


professional networking site was his social 


—Karen Peterson 


media gateway. 

Today, Aksit is finishing an electrical engi- 
neering Ph.D. at Kog University in Istanbul, 
Turkey, and using social media to explore 
his postdoctoral options. He also shares 
about his work and life on Facebook, Twit- 
ter, Instagram, Googlet, and his own blog. 
He has 500+ LinkedIn connections and 
self-describes as “kind of a sharefreak.” 

But even researchers who aren’t daily 
visitors to online social spaces benefit from 
occasionally dropping by. Networking sites 
can help scientists stay current in their 
field, keep track of colleagues, and build a 
community of advisors and collaborators. 
Social media lets researchers participate 
in conferences remotely, sparing travel 
time and budgets. Professional networking 
services make it easy for reluctant scientific 
networkers to create an online profile, 
which career consultants say is a professional 
obligation. 


IS IT FOR EVERYBODY? 

“You simply must have an online presence,” 
says Karen Peterson, director of Scien- 
tific Career Development at Fred Hutchin- 
son Cancer Research Center; in fact, she 


adds, you already have one (just try an In- 


ternet search of your name), so you might as well curate it. This advice 


is especially important for researchers who are thinking ahead to a tran- 
sition: graduate to postgraduate work, postgraduate to job, or perhaps a 
career change. 

Peterson recommends that, like Akgit, researchers start with LinkedIn. 
A complete, updated LinkedIn profile conveys your background, expe- 
rience, and accomplishments to potential employers and people with 
common interests. Peterson says that LinkedIn is especially useful for 
setting up informational interviews, which are informal conversations 
with experts in careers or research areas in which you're interested. Use 
LinkedIn to find personal or institutional connections to someone you 
want to talk with and use those ties to ask for an introduction. (Or use 
SciVal Experts if your institution has a subscription.) Set up a meeting 
or phone conversation and be prepared with a short summary—an el- 
evator pitch—about your research and some specific, open-ended ques- 
tions. Ask about others you might talk with and follow up with a writ- 
ten thank-you note. This is a classic way to grow your network, says 
Peterson. LinkedIn and similar services just make the initial contact 
easier because the major networking sites have a surprisingly vast mem- 
bership representing all scientific careers and both young and established 
researchers. 

A common assumption is that early career scientists are the most 
enthusiastic users of social media. However, preliminary results hint that 
established researchers are also quite active. A study of computer scientists, 
which mainly focused on methods for determining online activity, found 
that many scientists with an online presence were tenure-level, judging 
from their high-impact publications; they also used multiple networking 
sites. Plus, participation in online communities is growing. “The scientific 
discourse is moving online,” says Paul Groth (@pgroth), assistant 
professor, Department of Computer Science, VU University Amsterdam, 
and one of the study’s coauthors. “And it’s going to keep continued> 
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Roche Postdoc Fellowship (RPF) Program 


The RPF Program has built up a world-wide reputation and became a continuous source of 
innovation. This is reflected not only in high-quality publications in peer-reviewed journals, 
but is also shown in the influence of the RPF findings on pharmaceutical research and early 


development at Roche. 


“In choosing a postdoc position in the 
industry, I saw the possibility for me to 
work in a large, multinational team 
with a lot of different expertise and to 
have access to various methods with less 
limiting budget to achieve my goals. 
In addition, unlike at a university, 
I wanted to get a more holistic view on 
neurosciences, and not only focus ona 
part of a disease or a single protein.” 


Anja (33) from Germany 


“After my PhD in biomedicine at the 
University of Wiirzburg, I was 
particularly looking for a postdoc 
position in Switzerland. I had only been 
doing research in an academic environ- 
ment and wanted to get an insight in 
industrial research. Research in industry 
focuses a lot on immediate results that 
can be applied for drug discovery.” 


Eva (29) from Germany 


“The RPF program provided me a unique opportunity to utilize 
knowledge and skills I acquired during my PhD into drug discovery 
projects. This experience helped me take the next career step, to 
assume a scientist position within Roche. Along the proposed Roche 
RPF project, I foresaw an exceptional chance to gain industrial 
experience; the choice was further driven by the scientific expertise 
and reputation of the imaging groups in Antwerp and Roche Basel.” 


Dany (33) from India 


Key facts 

We currently have ~100 RPF Postdocs working at one of our Roche Research 
sites or one of the 119 academic collaborators in 18 different countries. Each 
Postdoc has two mentors, one from Roche & one at the partnering university. 
The annual Postdoc Symposium, held for all Postdocs at one of the Roche 
locations worldwide, as well as Postdoc lunches and journal clubs provide 
additional networking opportunities for our Postdocs. 

Duration: Initially for 2 years, with the option of extension for another 

1-2 years. 

Location: RPFs can be located at Roche in Basel, Zurich, Penzberg, Shang- 
hai, or at the partnering universities. 

Main areas: Oncology, Neuroscience, Infectious Diseases, Ophthalmology, 
Pharmaceutical Sciences (DMPK, Non-Clinical Safety, Modelling & Simulation, 
Translational Technologies, Bioinformatics), Therapeutic Modalities (Small & 
Large Molecules Research, Discovery Technologies). 

How to apply? All positions will be posted on our Roche Careers Website. 
Please apply online. New positions may be expected to be online from May 
2014 on. 

To apply online for positions visit www.careers.roche.ch 

Roche is an Equal Opportunity Employer. 


The next step is yours. 


online @sciencecareers.org 
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On 


“lL use social 
media to 
get scientific 
inspiration,” 


—Kaan Aksit 


moving in that direction.” This means that networking sites are virtual 
venues where students and postdocs can connect to leaders in their field. 

People of all ages, experience levels, and career paths are embracing on- 
line tools, says Karyn Traphagen (@kTraphagen), cofounder and execu- 
tive director of ScienceOnline, a nonprofit organization for science out- 
reach, networking, and community building. She sees advanced networkers, 
novices, media mavens, students, postdocs, and professors at national and 
local ScienceOnline meetings and says that social media sites can create 
genuine, interactive, and far-reaching communities. Social media is a great 
equalizer. 

Most social networking sites are global, so they are excellent tools 
for making and maintaining international connections. For early ca- 
reer scientists trying to make a splash with their work, no platform has 
a greater reach than the big three networking sites: LinkedIn, Facebook, 
and Twitter. Compare a talk at a conference attended by a thousand 
people to the potential online audience: LinkedIn has nearly 260 mil- 
lion members and Facebook and Twitter have hundreds of millions of 


users a month. 


FACEBOOK AND TWITTER FOR SCIENTISTS? REALLY? 

Social network services emerge, evolve, and go extinct like influenza 
viruses. But right now, researchers use Facebook for personal contacts. 
Early career scientists, who move often, might use Facebook to maintain 
friendships with former lab members. Facebook can reveal fun, nonpro- 
fessional insights about a colleague—maybe a potential collaborator is an 
especially good fit because of a common love of fly fishing, knitting, or 
manga. Universities, corporations, and even research groups have public 
Facebook pages that can be useful for news about former and potential 
employers. However, Facebook is static compared to the real-time inter- 
action of Twitter. 

“The number one area for the ScienceOnline community is Twitter,” says 
Traphagen. Twitter use is growing in academia, across disciplines, for schol- 
arly and nonscholarly use. And if you think Twitter is just for celebrity gos- 
sip, you might be surprised at the range of professional applications. 

“I use social media to get scientific inspiration,” says Akgit. His thesis 
project is improving motion capture, for example for films, so he follows 
the electronics industry on Twitter to hear about new products and de- 
velopments. Other scientists follow research groups to avoid overlapping 
projects or to find collaboration opportunities. Twitter is supplementing 
or replacing automated search and alert services, for example for relevant 
literature. “I often hear about important papers on Twitter as soon as they 
are released or even before,” says Jonathan Jacobs (@bioinformer), 


principal scientist in biosurveillance at MRI Global, a nonprofit contract 
research organization. “Especially in the bioinformatics community, tweet- 
ing communicates not just news but actual science.” 

“The easiest way to see the power of Twitter,” says Traphagen, “is to follow 
a conference hashtag.” (For example, search for #AAASmtg for news about 
the annual American Association for the Advancement of Science confer- 
ence.) If you are attending a meeting, Twitter and other networking tools 
can connect you, before arrival, to people who share your research inter- 
ests. If you can’t attend, Twitter can tell you what talks and posters caught 
people’s attention and where to find shared resources such as websites or 
slides. Jacobs says he gets almost as much information from following a con- 
ference via Twitter as actually attending. If you’re presenting, Groth advises 
having a Twitter account and putting your handle on slides and posters. That 
helps people tweet about your presentation, which increases your impact, 
maybe even attracting the attention of potential collaborators or group and 
department leaders. 

Somewhat unexpectedly, Twitter is recommended for shy people. “The 
Internet lets you follow a conversation without physically stepping into a 
group of people,” says Traphagen. “You can sit back and listen and get in- 
volved when you're ready by inserting a comment and seeing how people 
respond.” New Twitter users are often intimidated by the billions of tweets, 
but Traphagen says that if you want specific information, use a hashtag 
search (e.g., #sharks). If you are still overwhelmed, says Traphagen, think 
of Twitter as a river: “Every now and then, go put your feet in and see what 
is flowing by right now.” 


BUT WAIT, THERE’S MORE? 

If Facebook and Twitter are for conversations and LinkedIn presents your 
credentials, what are the benefits of up-and-coming and specialty sites? The 
ScienceOnline community increasingly uses Googlet+ for broadcasting and 
archiving conversations with researchers, says Traphagen. Another resource 
for following talks and conferences is Storify, where attendees or hosts 
collect presentation materials, comments, and notes. Groth recommends 
posting presentations on Slideshare, if your institution allows. This extends 
the reach of a seminar far beyond people who can attend. Sites like Slide- 
share also track views, downloads, and recommendations that document 
the impact of your research. 

Groth used ImpactStory, a science-sharing site, for a midterm re- 
view of a European Union project. Publications from the work hadn’t 
had time to build a substantial citation record, says Groth, so he used 
metrics from ImpactStory to demonstrate the influence of the work 
in progress. Still, publications are not going away, either as a perma- 
nent research record or a measure for hiring, promotion, and tenure, 
he says. 

Since the scientific world orbits around peer-reviewed articles, 
science-sharing sites such as Mendeley and ResearchGate revolve around 
publications. By allowing researchers to share and comment on papers and 
ask and answer questions, these sites add networking functions to a typical 
publication list. Publication-oriented sites make requests for electronic 
reprints easy for postdocs at institutions without extensive journal 
subscriptions. Specialized sites such as GitHub for computer scientists 
or BioMedExperts for life scientists serve the needs of specific scientific 
communities. But don’t be overwhelmed. “The Internet is a big place,” 
says Jacobs. “How you use it depends on what you have time for and what 
kind of itch you’re trying to scratch.” Jacobs and other experienced online 
networkers say a little exploring will uncover networks with a community 


and functions that enhance your work. 
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FEATURED PARTICIPANTS 


Additional Resources 
Cont. 


Fred Hutchinson Cancer 
Research Center 
www.fherc.org 


Kog University 
www.ku.edu.tr/en 


MRIGlobal 
mriglobal.org 


Philips Research 
www.research.philips.com 


ScienceOnline 
scienceonline.com 


VU University Amsterdam 
www.vu.ni/en 


ADDITIONAL RESOURCES 


BioMedExperts 
www.biomedexperts.com 


Facebook 
www.facebook.com 


GitHub 
github.com 


Google+ 
plus.google.com 


ImpactStory 
impactstory.org 


LinkedIn 
www.linkedin.com 


Mendeley 
www.mendeley.com 


ResearchGate www 
researchgate.net 


SciVal Experts 
scival.com 


Slideshare 
www.slideshare.net 


Storify 
storify.com 


Twitter 
www.twitter.com 


SHOULD | BLOG? 
Then there’s blogging, which is varsity-level online sharing. Blogs require a 
regular time commitment and a deep passion about a topic. If you’re con- 
sidering a blog, try guest posts on other sites. Kiran Dhillon (@Indigal9), 
a postdoctoral researcher at Fred Hutchinson Cancer Research Center, 
started blogging about her breast cancer work when Angelina Jolie spoke 
about inheriting a BRCA mutation and having prophylactic surgery. Dhillon 
considers her blog to be professional development: “It’s a good exercise in 
finding my voice and learning how to communicate science to the public.” 
Even if you don’t blog, Dhillon encourages all scientists to have a pro- 
fessional website to highlight accomplishments and show examples of soft 
skills such as leadership and management. “LinkedIn is good for connecting 
and summarizing your research, but it’s limited. Your own website gives 
people a better sense of who you are. Plus, you can post videos or images, 
like great immunofluorescence results.” Some researchers modestly say 
they want their science to speak for itself, but Dhillon says to think about 
the buzz around certain talks or posters at a conference. In those cases, the 
scientists worked hard to present their work in a way that got people ex- 
cited. A professional website can pay off in the same way. 


IS REAL LIFE STILL NECESSARY? 

Yes, say social media experts. For all the linking, sharing, and networking 
that online resources offer, Peterson says, “For a true connection, you still 
need to meet face-to-face.” LinkedIn and other sites just facilitate what early 
career scientists should be doing anyway, says Peterson: meeting people 
with common interests, professional and otherwise. Even networking with 
nonscientists is part of career development, she says, because you never 
know who is connected to whom. Jacobs found jobs through LinkedIn, 
mainly by finding events to attend and people to contact for in-person 


interactions. 


www.sciencecareers.org 


So go forth and connect, 
say social media experts, 
but start slowly. Think 
about what should be pri- 
vate and public. Traphagen 
says experienced online 
networkers advise treating 
everything you post as po- 
tentially becoming public. 
Follow online etiquette, 
which is essentially like any 


social interaction: be friend- 


Karyn Traphagen often travels with 
Camilla Corona (@CamillaSpace), 
a rubber chicken who advocates 
for Space Education and STEM 
using social media. 


ly, collegial, and respectful. 
Think of social network- 
ing as a conversation, but if 
you get ignored or rejected, 
don’t take it personally. Find 
the sites that work for you. 


O Don’t pester people, but 
“The number one area for remember that most people 
want to help and most re- 
the ScienceOnline community Seseheve Tove 46 dalle about 
. : _ their work, says Dhillon. 
is Twitter. “Scientists are passionate 
about our research—that’s 
— Karyn Traphagen why 
why we do it. 

If you don’t feel like you 
have time for online networking, Traphagen suggests thinking of it as just 
another scheduled work activity. “Lots of things can be time sucks,” she says, 
“including social media. But when a task is professionally important, we’re 
disciplined about doing it.” But again, says Traphagen, don’t be discouraged 
by the constant influx of information: “Remember: you don’t have to pay 
attention to everything. It’s okay to miss things.” 

When you leave the computer and meet an online contact in person, 
keep the same open attitude. The late Ken Metzler, who was a professor at 
the University of Oregon, in his book Creative Interviewing, said sincerity, 
curiosity, and listening ability are all you need for an informative conversa- 
tion. Scientists are naturally curious and when we find something genuinely 
interesting about a new colleague, sincerity and listening follow. This is the 
type of old-fashioned networking that even a young scientist like Dhillon 
says is most effective. 

“Talk to people, even if you’re not naturally outgoing,” says Dhillon. 
“Get involved in activities for students and postdocs at your institute. Just 
going to meetings makes you part of the community, and as you build 
confidence you’ll find ways to contribute.” Volunteering for presenta- 
tions, committees, and workshops is work, admits Dhillon, but pays off 
in a strong network that reaches into diverse research areas and admin- 
istration, which helps new researchers learn what it takes to run a labo- 
ratory, a group, or a research center. Echoing the first rule of improvi- 
sational theater, Dhillon says, “when people ask you to do something, 


” 
Say yes. 


Chris Tachibana (@ChrisTachibana) is a science writer based in Seattle, USA, and 
Copenhagen, Denmark. 


DOI: 10.1126/science.opms.r1400141 
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® 
University of Michigan 
Medical School 


POSTDOCTORAL 


TRAINING OPPORTUNITIES 
www.med.umich.edu/postdoc 


The University of Michigan Medical School is an 
outstanding training environment that combines 
world-class faculty and innovative programs of research 
with a rich academic tradition. For two decades Michigan 
has ranked among the top 10 medical schools in NIH 
research funding. This research effort is enhanced by 27 
NIH-sponsored training programs that support 
Postdoctoral Scholars. 


The University of Michigan recognizes the essential 
contributions Postdoctoral Scholars make to the 
University’s research mission. We offer a comprehensive 
career development program for our Postdoctoral 
Scholars to help guide their choices as they prepare 
themselves for independent careers. We welcome 
inquiries from graduate students nearing completion of 
the Ph.D. degree regarding opportunities for postdoctoral 
training in the following areas: 


« Alcoholism Research 

+ Biology of Aging 

+ Biology of Drug Abuse 

* Cancer Biology 

« Cardiovascular Research 


«Imaging Science in 
Biomedicine 


- Lung Disease 
+ Lung Immunopathology 


« Medical Rehabilitation 
Research 


« Microbial Pathogenesis 
+ Molecular Hematology 
« Nephrology Research 

* Organogenesis 

+ Reproductive Sciences 


+ Research in 
Gastroenterology 


« Cell and Molecular 
Dermatology 


« Clinical and Basic 
Neuroscience 


« Endocrine Dysfunction 


« Endocrinology and 
Metabolism 


« Environmental 


Toxicology - Substance Abuse 
* Experimental - Tissue Engineering and 
Immunology 


Regeneration 


+ Genome Sciences - Urology Research 


- Hearing, Balance and - Vision Research 


Chemical Senses 


One way to explore these programs is to attend the 
Postdoc Preview on U-M’s campus on June 12-13, 2014. 
The all expense paid Preview visit will introduce 
outstanding upper-level graduate students in the 
biomedical sciences to the breadth and excitement of 
postdoctoral research and training at Michigan. 


Apply online by April 15, 2014 at 
www.med.umich.edu/postdoc/preview 


The University of Michigan is an equal opportunity, affirmative action employer. 


NATIONAL RESEARCH COUNCIL 


OF THE NATIONAL ACADEMIES 
Research Associateship Programs 


Graduate, Postdoctoral and 
Senior Research Awards 
offered for research at 
US Federal Laboratories 
and affiliated institutions 


Opportunities for graduate, postdoctoral and senior research 
in all areas of science and engineering 
¢ Awards for independent research at over 100 participating 
laboratory locations 
12-month awards renewable for up to 3 years 
Annual stipend $42,000 to $80,000 - higher for senior researchers; 
graduate entry level stipend begins at $30,000 
Relocation, professional travel, health insurance 
¢ Annual application deadlines Feb. 1, May 1, Aug. 1, Nov. 1 
* Open to US and non-US citizens 
Detailed program information, including instructions on 
how to apply online, is available on the NRC Web site at : 
www.nationalacademies.org/rap 
Applicants must contact Adviser(s) at the lab(s) prior to application 
deadline to discuss research interests and funding opportunities 
. Questions should be directed to the : : 
National Research Council Fellowships Office 
TEL: (202) 334-2760 
E-MAIL: rap@nas.edu 


Qualified applicants will be reviewed without regard to race, 
religion, color, age, sex or national origin. 


THE NATIONAL ACADEMIES 


Advisers to the Nation on Science, Engineering, and Medicine 


POSTDOCTORAL FELLOW 
IN CANCER GENETICS 


Penn State College of Medicine - Hershey, PA 


Postdoctoral fellowship position is open at Penn State College 
of Medicine in Dr. Carla Gallagher's laboratory. The focus 
of the research will be the study of genetic variants for the 
involvement in cancer risk in human populations. Large case- 
control populations will be screened in genetic association 
studies, in vivo measurements of metabolite levels in human 
samples will be compared to genotype, and in vitro activity 
assays and expression studies will be performed to assess 
function of genetic variants. See the following link for more 
information: http://www.pennstatehershey.org/web/phs/ 
people/faculty/epidemiology 


Successful candidates should have received a recent Ph.D. or M.D. 
and have a strong record of training in genetics, molecular biology, 
biochemistry, and/or cancer epidemiology. Please send your CV and 
letter of interest by email to: cgallagher@hmc.psu.edu. 


Penn State is committed to affirmative action, equal opportunity 
and the diversity of its workforce. 


AE A a a SL 


Postdoctoral Fellowship Prograns 


The American Society for Microbiology (ASM) Headquarter Fellowship is 
an intense and multi-faceted training experience for individuals interested in 
exploring careers outside the traditional academic environment. 


There are three opportunities being offered: 

¢ American Academy of Microbiology Colloquium Fellowship 
- The goal of this fellowship is to provide an opportunity for a recent 
microbiology PhD graduate to develop skills in in science communication 
and public outreach while working on colloquia to address critical issues 
in microbiology. 
Communications and Marketing Fellowship - The Communication 
and Marketing Strategy Department provides a variety of communication 
services for the Society including press relations, public outreach and 
social media management. The fellow in this office will improve his/her 
skills in a wide range of communication approaches and develop new 
outreach projects for the Society. 
Education Curriculum Fellowship - The ASM Fellow in Education will 
deepen his/her understanding of ASM; curriculum guidelines and course 
design; active learning and laboratory biosafety. He/she will develop skills 
to shepherd projects from conception to implementation and eventually 
commercialization. 


Applicants for the fellowship should have a broad interest in the field of 
microbiology and a willingness to learn about topics outside their own area 
of expertise. Applicants need either to complete a doctoral degree (M.D., 
Ph.D., D.V.M., D.D.S., or equivalent) by June 2014 or to be currently in 
post-doctoral degree training. Exceptional writing and communication skills 
are essential. 


The fellowships are for 12-consecutive months and are in residency at the 
ASM in Washington, DC. They may require some travel. The fellowships 
offer a $50,000 annual stipend, medical benefits, and a public transportation 
subsidy. Start date must be between June 1, 2014 and September 1, 2014. 


Applications will be reviewed on a rolling basis through April 1, 2014. You 
can find more information and the online applications for all three opportuni- 
ties at http://bit.ly/HQopp 


oin the 
Minds o 
Janelia 
Junior 
Fellow 


Janelia Farm 
Research 
Campus 


A One-of-a-kind Scientific Opportunity 


Janelia Farm Research Campus, a 
pioneering research complex near : 
Washington, DC, is recruiting for Unparalleled technical 
Junior Fellow positions. facilities 

Highly interactive culture 
Janelia Junior Fellows are indepen- Internally funded 
dent, early career scientists engaged * No formal teaching 
in hands-on research projects of their 
own design, exploring how the brain Application deadline: 
processes information and devel- 2pm ET May 15, 2014 
oping imaging technologies to see 
smaller, deeper, and faster. 


Highlights 


www.janelia.org/jf14/sci 


HHMI 
Janelia farm 


research campus 


CAREER Running 
TRENDS Your Lab 
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The 2014 Martha T. Muse Prize 
for Science and Policy in Antarctica 


The “Martha T. Muse Prize for Science and Policy in Antarctica” is a 
US$100,000 unrestricted award presented to an individual in the fields of 
Antarctic science or policy who has demonstrated potential for sustained 
and significant contributions that will enhance the understanding and/ 
or preservation of Antarctica. The Prize is inspired by Martha T. Muse’s 
passion for Antarctica and is intended to be a legacy of the International 
Polar Year 2007-2008. 


The prize-winner can be from any country and work in any field of 
Antarctic science or policy. The goal is to provide recognition of the 
important work being done by the individual and to call attention to the 
significance of understanding Antarctica in a time of change. A website 
with further details, including the process of nomination and selection 
of the Prize recipients is available at www.museprize.org. 


The Prize is awarded by the Tinker Foundation and administered by the 
Scientific Committee on Antarctic Research (SCAR) 


Nominations 


open until SCAR 


TNRER 22 May 2014 


FOUNDATION 
INCORPORATED 
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GB, University at Buffalo 
The State University of New York 
DIRECTOR OF RENEW 


Research and Education in eNergy, Environment and Water 


The University at Buffalo (UB), The State University of New York, is seeking an outstanding researcher, scholar and vi- 
sionary leader to serve as the Inaugural Director of the newly launched signature UB RENEW Institute, a comprehensive, 
multidisciplinary organization dedicated to research and education on globally pressing problems in energy, environment, 
and water. To lead the development of UB RENEW most effectively, the Director, in addition to having outstanding re- 
search credentials in an appropriate area, will also have a successful track record of developing and leading interdis- 
ciplinary teams. As well as expanding his/her own research program, the Director will lead the hiring of approximately 
20 UB RENEW faculty and their integration with the existing 100 faculty, and programs and departments across the 
Schools of Architecture and Planning, Engineering and Applied Sciences, Law, Management and Public Health and 
Health Professions, and the College of Arts and Sciences. 


UB RENEW is a central component of the Realizing UB 2020 Initiative, which is focused on building UB’s reputation 
as a leader in research, scholarship and innovation in the global community of scholars, and consequently it will be es- 
tablished with a significant university investment. UB RENEW will increase the visibility and stature of UB by integrating 
its activities with those of community partners and parallel efforts across the 64-campus SUNY system, including par- 
ticipation in the SUNY Network of Excellence in Energy, Environment, Economics, and Education. 
The Director will serve as the executive officer responsible for the overall management of UB RENEW, and in this capacity 
will report to the Vice President for Research and Economic Development. She/He will hold the highest level of academic 
appointment, potentially in multiple departments or schools, and will work with faculty and university leadership to attract 
additional external support from granting agencies, foundations, and private donors. Candidates should thus have a track 
record of productive and well-funded basic and/or applied research and demonstrated ability in working collaboratively within 
the academy, and also with state and local governments, not-for-profit organizations, and the business community. 
For more information on this opportunity go to: 

http:/www.buffalo.edu/leadership-searches/current-searches/RENEW-director.html 
Review of applications will begin March 1, 2014 and will continue until the position is filled. The search will be conducted 
in strict confidence until finalists participate in campus visits. References will not be contacted without the prior knowl- 
edge and approval of the candidates. 
To apply, please submit a letter of application, curriculum vita, statements of teaching philosophy and research goals 
along with the names and contact information for five references. Further enquiries, applications or nominations should 
be addressed to: Bruce D. McCombe, SUNY Distinguished Professor, and Chair, UB RENEW Director Search 
Committee, 516 Capen Hall, University at Buffalo, Buffalo, New York 14260, UB-renew-search@buffalo.edu. 


All qualified individuals are encouraged to apply including women, minorities, persons with disabilities and dis- 
abled veterans. University at Buffalo is an Affirmative Action/Equal Opportunity Employer. 


Staff Scientific Research 
Opportunities - Pathway Engineering 
and Plant Genomics 


The Genomics Division at Berkeley Lab invites 
applications for career scientist positions at 
the DOE Joint Genome Institute (JGI, www.jgi. 
doe.gov). We are seeking individuals to direct 
cutting edge research programs one in pathway 
engineering, and the second in plant genomics. 
These positions are open to both established 
researchers as well as early career investigators 
who have demonstrated outstanding promise 
and creative ability. 


The JGl is a large-scale genome science facility 
supported by the US Department of Energy with 
an emphasis on topics related to energy and 
environmental issues. The selected individuals 
will receive support for their research program 
as well as have access to the JGI's large- 
scale capabilities including those in genomics, 
computational biology, and DNA synthesis. Will 
be expected to develop a strong independent 
research program as well as interface with 
ongoing activities at the institute. In addition 
they will have the opportunity to participate in 
large multidisciplinary research programs in 
collaboration with scientists throughout the 
JGI, LBNL, and the neighboring University of 
California, Berkeley campus. 


How to Apply: To apply, please go to 
http://bit.ly/LBL77313Science and locate 
“Staff Scientist”. Then follow the application 
instructions. Please include a CV, summary of 
research interests, and references. 

For informal inquiries, contact wrcannan@lbl.gov 


Berkeley Lab is an fe 
affirmative action/equal SY 
opportunity employer 
committed to \ 
a ° 
} 


the development of a JOINT GENOME INSTITUTE 
diverse workforce. DEPARTMENT OF ENERGY 


POSTDOC OPPORTUNITIES 
(@ UNIVERSITE 
—e PARIS DESCARTES 


Postdoctoral position with a CNRS 
laboratory at Paris Descartes 
University for a project relating 
structure to function in mouse 
visual cortex using state-of-the-art 
technology in optogenetics, imaging 
and electrophysiology. 


AAAS is here — 


promoting universal science literacy. 


Competitive salary is provided 
initially for one year with possibility 
of renewal, with a start date no later 
than June 2014. The candidate must 
have extensive experience in either in 
vivo patch clamp electrophysiology 


In 1985, AAAS founded Project 2061 with 
the goal of helping all Americans become 
literate in science, matematics, and tech- 
nology. With its landmark publications 
Science for All Americans and Benchmarks 
for Science Literacy, Project 2061 set out 
recommendations for what all students 
should know and be able to do in science, 


or in vivo 2-photon imaging. 


The position is in a collaborative 
interdisciplinary environment; in 
particular a strong interest in working 
with theorists towards modelling 
cortical networks is encouraged. 


Please send CV, motivation letter 
and 2-3 reference letters to Dr Lyle 
Graham at lyle@biomedicale.univ- 
paris5 


mathematics, and technology by the time 
they graduate from high school. 

As a AAAS member, your dues help 
support Project 2061. If you are not yet a 
member, join us. Together we can make a 
difference. 


To learn more, visit 
aaas.org/plusyou/project2061 


MVAAAS+U=A 


AAAS is here - 
helping scientists achieve 
career sucess. 


Every month, over 400,000 students and 
scientists visit ScienceCareers.org in search 
of the information, advice, and opportun- 
ities they need to take the next step in 
their careers. 


Acomplete career resource, free to the 
public, Science Careers offers hundreds 
of career development articles, webinars 
and downloadable booklets filled with 
practical advice, a community forum 
providing answers to career questions, 
and thousands of job listings in academia, 
government, and industry. As a AAAS 
member, your dues help AAAS make this 
service available to the scientific community. 
If you’re not a member, join us. Together 
we can make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 


MVAAAS+U=A 


ISTFELLOW: Call for Postdoctoral Fellows 


Are you a talented, dynamic, and motivated scientist looking for an 

opportunity to conduct research in the fields of BIOLOGY, COMPUTER SCIENCE, 
MATHEMATICS, PHYSICS, or NEUROSCIENCE at a young, thriving institution that 
fosters scientific excellence and interdisciplinary collaboration? 


Apply to the ISTFellow program. Deadlines March 15 and September 15 


www.ist.ac.at/istfellow 


ISTFELLOW is partially funded 
by the European Union 


| European | 
Commission 


Gh y AUSTRIA 


Institute of Science and Technology 


mle 


ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


Within the framework of an EPFL initiative to promote groundbreaking 
translational research in neuroprosthetics, neuroengineering, and neuro- 
science, EPFL’s School of Life Sciences and School of Engineering 
invite applications for a faculty position at the level of tenure-track assis- 
tant professor, although more senior candidates will also be considered. The 
Medtronic Chair will join the striving community of EPFL’s new Geneva 
campus, which consists of the newly founded Wyss Center (http://epfl.ch/) 
and Center for Neuroprosthetics (http://cnp.epfl.ch/) in addition to being 
home to Europe’s largest neuroscience initiative, the Human Brain project 
(https://humanbrainproject.eu/). EPFL seeks outstanding individuals — neu- 
roscientists, neuroengineers, or clinician-scientists — using state-of-the-art 
neuroengineering approaches to investigate neurological or psychiatric 
diseases with strong, laboratory-based or clinical research programs. Areas 
of interest include, but not limited to, neuromodulation, deep brain stimula- 
tion, cortical recording and stimulation, closed-loop control, optogenetics 
to understand diseases, neural interfaces, electrode design and modeling. 
The main clinical research fields include epilepsy, stroke, neurodegenerative 
disease, and psychiatric disease. 


Internationally competitive salaries, substantial start-up and ongoing 
resources, and benefits are offered. Full access to all facilities at EPFL’s 
Center for Neuroprosthetics and the Wyss Center will be granted. Develop- 
ment of intensive clinical collaborations with the Department of Clinical 
Neurosciences and/or the Department of Psychiatry at Geneva University 
Hospital will be promoted. A commitment to graduate or undergraduate 
education is expected. 


Medtronic Chair in Neuroengineering 
at the Wyss Center & Center for Neuroprosthetics 
of the Ecole polytechnique fédérale de Lausanne (EPFL) 


Applications should include a curriculum vitae with a list of publications, 
a concise statement of research and teaching interests, and the names and 
addresses (including e-mail) of at least five referees. Applications should 
be uploaded to : 


https://academicjobsonline.org/ajo/jobs/3866 


While the committee will start analyzing applications on April 1* 2014, 
the search will remain open until the position is filled. 


Enquiries may be addressed to:. 


Prof. Olaf Blanke 
Chair of the Search Committee 


E-mail: cnp@epfl.ch 


For additional information on EPFL, the Schools of Engineering and Life 
Sciences, the Wyss Center, the Center for Neuroprosthetics, the University 
of Geneva, and Geneva University Hospital, please consult the following 
web sites: 

http://www.epfl.ch, http://sti.epfl.ch, http://sv.epfl.ch, http://cnp.epfl.ch, 


and http://www.unige.ch/. 


EPFL aims to increase the presence of women amongst its faculty, and 
qualified female candidates are strongly encouraged to apply. 


online @sciencecareers.org 
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Science Careers 


DEPUTY CEO: ASTRONOMY 


South Africa’s astronomy landscape and its 
scientific community have evolved dramatically 
with exciting developments over the past years. 
Starting with the construction of SALT nearly a 
decade ago, one of the major recent highlights is 
the award of a major share of the Square Kilometre 
Array (SKA) project, one of the largest global ‘big 
science’ investments. Together with on-going South 
African and international investments in radio 
astronomy (the African VLBI Network), optical 
astronomy (SALT) and gamma-ray astronomy, this 
increasingly places Africa in a pivotal position in 
the global astronomy arena. 


Strategic decisions associated with these increased 
investments and internationalisation of astronomy 
in South Africa prompted the Minister of Science 
and Technology to support the establishment of 
a focused Astronomy Sub-Agency within the 
National Research Foundation (NRF). This Sub- 
Agency will operate as a separate cluster from the 
other non-astronomy related National Research 
Facilities to optimise the benefits that will accrue 
from the considerable national and international 
investments already made and expected to be made 
in astronomy in South Africa. 


The NRF is seeking a visionary leader for this 
new sub-agency. We invite suitably qualified and 
experienced individuals to apply for the position of 
Deputy CEO: Astronomy. This position presents a 
wonderful opportunity to guide and stimulate the 
development of the rapidly growing astronomy 
community in South Africa in the interest of 
national, continental and global astronomy 
interests. 

Key aspects of the position include: 

* playing a key role in implementing and 
coordinating the national strategy for astronomy 
and related future national investments; 
overseeing the astronomy national facilities 
and the SKA-SA project within the NRF, and 
ensuring their synergistic interactions as well 
as the transfer of best practices amongst them, 
the rest of the NRF and other elements of the 
National System of Innovation (NSI); 
developing synergies between the astronomy 
facilities, universities and science councils, and 
the astronomy community at large, to address 
the country’s transformation imperatives 
in terms of skilled resources and research 
capacity; 
playing a key role in creating a national long 
range planning culture for multi-wavelength 
astronomy infrastructure and equipment; 
promoting public awareness through appropriate 
outreach initiatives; and 
liaising with international partners, boards, and 
other major international facilities. 


Requirements 


The ideal candidate will have: 

* arecord of research excellence in the fields 
of astronomy, physics or engineering with 
a minimum of a PhD qualification in any of 
these fields; 
a sound knowledge of the national science 
system, including an understanding of the 
governance requirements for public entities; 
demonstrated ability to consult with and gain 
the respect of the science community; 


National 
Research 
RF Foundation 


* keen insight into the key issues confronting 
astronomy facilities within the unfolding dynamics 
of the National System of Innovation and its 
global dimensions; 

a demonstrable record of leadership and research 
management capabilities, through having worked 
with researchers in facility environments and/or 
university management structures. A record of 
engagement with the policy environment will be 
an advantage; and 

a thorough awareness and understanding of 
science and technology research infrastructure and 
equipment development and maintenance, their 
effective utilisation, and challenges involved. 


Information 


The NRF offers a competitive total remuneration 
package, which, together with the terms of 
appointment, will be negotiated with the successful 
candidate. Candidates who could be based in Pretoria 
would be preferred. 


The position will entail a 5 year term appointment 
with the possibility of renewal for a further 5 years 
depending on performance and availability. 


The successful candidate will report to the CEO of the 
NRF. The role of the NRF, amongst other duties, is 
to provide state of the art national research facilities 
and infrastructure. In addition, the NRF promotes 
research ties between National Research Facilities 
which include the astronomy facilities, and higher 
education institutions, to maximise the development 
of skilled human capacity and to promote effective 
research while in pursuit of a transformed science 
workforce for the country. 


The incumbent DCEO will serve as a member of 
the Corporate Executive Management team. S/he 
will provide leadership in the organisation and play 
a key role leading and co-ordinating all efforts and 
strategies across the various astronomy platforms 
and investments. This includes contributing to the 
transformation imperative, so as to maximise the 
contribution of astronomy investments to national 
priorities. In this endeavour the DCEO will be 
supported by the Astronomy Advisory Council. 


The NRF is established by an Act of Parliament and 
mandated as the national agency to promote and 
support the development of skilled human capacity, to 
support knowledge generation and to provide science 
infrastructure in the country. The web site www.nrf. 
ac.za provides more background details on the NRF 
and its initiatives. 


Applications 


Applicants should submit a comprehensive CV, 
accompanied by a letter of motivation indicating the 
applicant’s suitability for the position. The names 
and contact details of at least three referees should 
be provided. 

Applications must be forwarded to Mr P Thompson, 
Group Executive: HR & Legal Services, National 
Research Foundation, P O Box 2600, Pretoria, 
0001. RSA 

Tel: +27 (12) 481-4073, Fax: +27 (12) 481-4006, 
E-mail: patrick@nrf.ac.za. 

Correspondence will only be conducted with short- 
listed candidates. 


Closing date 
The closing date for applications is 25 April 2014. 


The NRF is committed to employment equity and 
redress. 


WOMEN 


IN SCIENCE 


forging 
new pathways in 


green 
science 


Read inspiring stories 
of women working in 
“Green Science” 
who are blending 
a unique combination of 
enthusiasm for science 
and concern for others 
to make the world 
a better place. 


Download this 
free booklet 
ScienceCareers.org/ 
LOrealWiS 


Science 


This booklet is brought to you by the 
AAAS/Science Business Office 
in partnership with the 
L’Oreal Foundation 


if you are looking for research funding, 


If your work is in need of funding, today - maybe the two of us should meet. 


Please go to www.lls.org to find out more. 
LEUKEMIA & 


someday is today | iYMPHOMA 


SOCIETY* 


fighting blood cancers 


Founding Director, Penn Institute for Biomedical Informatics 


msN5 The Perelman School of Medicine at the University of Pennsylvania invites applications 
Perelm an for the position of Founding Director of the newly established Institute for Biomedical 

e Informatics (IBI), enabled by arecent philanthropic gift. The Institute is focused on the science 
School of Medicine of biomedical informatics and will integrate informatics disciplines from bioinformatics to 
translational, clinical, and public health informatics. The Founding Director will lead and 

UNIVERSITY of PENNSYLVANIA develop the Institute, bring together current informatics-related faculty throughout the Penn 


community, and in partnership with our Department Chairs, recruit new faculty to the 
Institute and the Perelman School of Medicine. 


The mission of IBI is to: 


* Establish an outstanding basic and applied sponsored research program in biomedical informatics, 

* Recruit faculty and promote career development of biomedical informatics faculty at the Perelman School of Medicine, 
« Launch educational programs in biomedical informatics, 

* Support programmatic growth in biomedical informatics at the broader University of Pennsylvania, and 

« Provide key guidance to the leadership of Penn Medicine on strategic investments in IT. 


The IBI, in partnership with the Schools of Engineering and Applied Sciences, Arts and Sciences, Nursing, and Veterinary Medicine, as well as 
The Children’s Hospital of Philadelphia, will tackle challenges directly relevantto patient care, as well as improve basic research thatleads to more 
personalized care. The Institute will also focus on educating the next generation of biomedical informaticians by incorporating a new Masters in 
Biomedical Informatics degree program with the existing PhD program in Genomics and Computational Biology and by creating additional 
graduate and medical training programs as the field evolves. 


Applicants forthe position of Director musthaveaPhD and/orMD, have adistinguished national/international recordin biomedicalinformatics, and 
possessdynamicleadershipskills,aswellasadistinguishedresearchrecordandacommitmenttoeducationandmentorshipofstudents, fellowsand 
faculty. Theapplicantmusthave the background andskillsto enablestrong collaborations amongbioinformatics and medicalinformatics activities. 
The candidate should express a clear vision of the future of biomedical informatics, and the role of an Institute thatis part ofa renowned academic 
medical center. The candidate must be qualified for appointment as Full Professor in the Tenure track of the standing faculty in an appropriate 
department in the Perelman School of Medicine. 


All interested applicants are invited to send their curriculum vitae and letter of interest to Chi Van Dang, MD, PhD, Chair, IBI Director Search 
Committee, c/o Margaret M. Lizotte, Search Committee Liaison, lizotte@exchange.upenn.edu. 


We seek candidates who embrace and reflect diversity in the broadest sense. The University of Pennsylvania is an equal opportunity, 
affirmative action employer. 


Qualified applicants should apply to http:/;www.med.upenn.edu/apps/faculty_ad/index.php/d3547 


online @sciencecareers.org 
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City University of Hong Kong 


30th Anniversary 


Worldwide Search for Talent 


City University of Hong Kong is a dynamic, fast-growing university that 
is pursuing excellence in research and professional education. As a publicly- 
funded institution, the University is committed to nurturing and developing 
students’ talents and creating applicable knowledge to support social and 
economic advancement 


The Department of Biomedical Sciences has recently been established by the 
University to develop strategic growth areas of life sciences. It aims to become 
one of leading centers in the Asia-Pacific region specializing in professional 
education and cutting-edge research in targeted areas of biomedical sciences. 
The Department has programs leading to MPhil and PhD degrees, and plans 
to offer a BSc program and a taught MSc program in biomedical sciences in 
the coming years. Involvement in pre-clinical teaching is being planned in 
connection with a proposed School of Veterinary Medicine 


Applications and nominations are invited for: 


Chair Professor/Professor/ 
Associate Professor/Assistant Professor 
Department of Biomedical Sciences [Ref. A/133/29] 


Requirements : A PhD/MD/DVM or an equivalent degree in the broadly- 
defined areas of biomedical sciences. Excellent academic records and English 
communication skills are essential. Successful candidates are expected to 
teach at both undergraduate and postgraduate levels, conduct onginal research, 
attract external research funding, and publish in high-impact joumals. The 
Department currently has active research in molecular, cellular and systems 
study of neuroscience, cancer, or regenerative biology, and the development of 
novel therapeutics and nanomedicine. Candidates with strong background in 
these and other biomedical science-related areas, especially zoonotic infectious 
diseases, public health, and food safety, are welcome to apply. Preference will be 
given to qualified candidates whose activities can contribute to multidisciplinary 
and collaborative biomedical research. The Department is committed to the 
professional development of its faculty, enabling them to become next-generation 
leaders in basic and translational biomedical sciences. Priority will be given 
to qualified candidates who can contribute through their research, teaching, 
and service to the diversity and excellence of the University and its community. 


Candidates for the post of Professor and above should have a distinguished 
academic record inclucing significant external funding support, demonstrated 
leadership skills, and a strong commitment to graduate and undergraduate 
education. Successful candidates are expected to develop internationally 
competitive research programs; and assume academic and administrative 
leadership in the Department by assisting in faculty development, promoting 
collaboration in cross-disciplinary teaching and research programs within 
the University, and facilitating the translation of basic biomedical research to 
practices of health services and healthcere-related industries 


Salary and Conditions of Service 

Remuneration package will be driven by market competitiveness and individual 
performance. Excellent fringe benefits include gratuity, leave, medical 
and dental schemes, and relocation assistance (where applicable). Initial 
appointment will be made on a fixed-term contract. 


Information and Application 

Further information on the posts and the University is available at 
http/www.cityu.edu.hk or from the Human Resources Office, City University of Hong 
Kong, Tat Chee Avenue, Kowloon Tong, Hong Kong (Email: hrojob@cityu.edu.hk/ 
Fax : (852) 2788 1154 or (852}3442 0311]. Please send the nomination or application 
with a current curriculum vitae and at least 3 reference reports to Prof. Michael 
YANG, Faculty Search Committee, Department of Biomedical Sciences via email at 
bms@cityu.edu.hk, Please quote the reference number in the application. 
Applications and nominations will receive full consideration until the 
positions are filled, and only shortlisted applicants will be contacted and invited to 
visit the Department. The University’s privacy policy is available on the homepage. 


The University also offers a number of visiting positions through its 
“CityU International Transition Team" scheme for current graduate students, 
postdoctoral scholars, and for early-stage and established scholars, as 
descnbed at http://www.cityu.edu.hk/provost/cityu_international_transition.htm. 


City University of Hong Kong is an equal opportunity employer and we are 
committed to the principle of diversity. We encourage applications from all 
qualified candidates, especially those who will enhance the diversity of our staff. 


ASSISTANT/ASSOCIATE PROFESSORS 
Bacteria- and virus-host interactions, 
IN COLLEGE pathogenesis, commensalism 
Tht UNIVERSM OF MEDICINE and latency 
a) Department of Immunobiology 


The Department of Immunobiology at the University of Arizona (UA) College 
of Medicine (COM) invites applications for tenure-track faculty positions in 
bacteriology and virology at the Assistant or Associate Professor level. We seek 
outstanding scientists who will establish competitive, front-rank, independent 
research programs on the interactions of bacteria and viruses with their hosts 
at the molecular, cellular, or organismal level. The UA and the Department 
of Immunobiology recognize the power of a diverse community and strongly 
encourages applications from individuals with varied experiences, perspectives, 
and backgrounds. Candidates who use multidisciplinary approaches to 
probe microbe-host interactions that impact intrinsic or innate responses to 
infection, commensalism, persistence, and/or host metabolism, particularly 
at the respiratory or gut mucosal surfaces, are strongly encouraged to apply. 
Applicants must have a Ph.D., M.D. or equivalent degree in the relevant field 
of study and postdoctoral experience. The successful candidates are expected 
to obtain extramural funding for their research programs and participate in 
graduate and medical student teaching. Salary and start-up funds are attractive 
and commensurate with qualifications and experience. Information on the 
Department of Immunobiology, UA centers and institutes, core facilities and the 
interdepartmental ABBS graduate training program can be found at (http://immu 
nobiology.arizona.edu) and (http://medicine.arizona.edu/about-college/centers). 
UAis in the midst of bold investment into doubling its research capacity as a part 
of the Never Settle strategic plan. Coupled with outstanding climate, lifestyle 
and cultural environment (http://immunobiology.arizona.edu/content/about- 
tucson), this makes UA the place to be in the next few decades. Please submit 
applications containing (i) CV; (ii) a 2-page summary of current research and 
teaching interests and long-term goals; and (iii) three letters of recommendation; 
electronically at the following URL address (applications will not be reviewed 
unless all letters are received): https://www.uacareertrack.com/applicants/ 
jsp/shared/frameset/Frameset.jsp?time=13922 19433886 and search postings 
for job number 54209. 


THE UNIVERSITY OF ARIZONA IS AN EEO/AA/ADA EMPLOYER. 
WOMEN AND MINORITIES ARE ENCOURAGED TO APPLY. 


i >MUSC 


MEDICAL UNIVERSITY 
of SOUTH CAROLINA 


Charleston, SC 


Professor and Chair 
Department of Regenerative Medicine and Cell Biology 


he Medical University of South Carolina College of Medicine invites 

applications and nominations for the position of PROFESSOR AND 
CHAIR of its Department of Regenerative Medicine and Cell Biology 
(formerly “Cell Biology and Anatomy”). Applicants must possess a PhD 
and/or MD and are expected to have a history of continued funding and an 
active research program, a strong record of accomplishment in mentoring 
postdoctoral fellows and junior faculty, administrative and leadership skills, 
and a commitment to education and academic excellence. The department 
currently has research strengths in regenerative medicine, tissue 
engineering, and cardiovascular development and disease (see 
http://regmed.musc.edu). The selected individual will report directly to the 
Dean of the College of Medicine and will be expected to foster new areas 
of research within the department while supporting and enhancing current 
research strengths. 


The Medical University of South Carolina is in the midst of an exciting period 
of growth with NCI designation for the Hollings Cancer Center, a CTSA 
award, and two new research buildings. This is an outstanding opportunity 
for the right candidate in a city known for its enviable quality of life. 


Nominations, expressions of interest and applications may be submitted 
confidentially via email to the University’s consultant, Witt/Kieffer, to the 
attention of Karen Otto and Donna Padilla at MUSCREGEN @wittkieffer.com. 
Interested individuals may also submit a letter of interest, curriculum vitae, 
and the names and contact information of three references via the MUSC 
employment website at https://www.jobs.musc.edu/postings/23053. 


MUSC is an equal opportunity employer, promoting workplace diversity. 


| sd WITT / KIEFFER 


NWAFU Professorship's Recruitment 


Northwest A&F University (NWAFU) is a national key comprehensive university directly under the 
jurisdiction of the Ministry of Education of the People’s Republic of China and supported by its 
"Project 985" and "Project 211". The University is located in Yangling, Shaanxi Province, 80 km west 
of Xi’an, a historic city of China. Yangling is not only the location of the University, is also the birth place of Chinese 
agricultural civilization and the location of the state-level Agricultural Hi-tech Industries Demonstration Zone. The University 
recruits distinguished professors and full-time professors in various academic disciplines. 
I. Academic Disciplines: 
Biology, Agricultural Engineering, Food Science and Engineering, Crop Science, Horticulture, Pedology, Plant Pathology, 
Entomology, Pesticide Science, Animal Husbandry, Veterinary, Machinery Design & Manufacture, Computer Science & 
Technology, Agricultural & Forestry Economic Management, etc. 
II. Applicant’s Eligibility 
didates must possess a position at Assistant professor or higher ranking in a recognized college or university, and has achieved 
significant accomplishments or contributions, or evidence of success in the respective discipline. 
III. Facilities and Conditions 
The University provides sufficient start-up funds and facilities, highly competitive salary, and an apartment with individual 
property right after serving the University for 10 years. The University will actively help and recommend the hired professors 
to apply “Global Experts Program” and “Chang Jiang Scholars Program”, and many others. 
IV. Procedure 
For full consideration, interested applicants should send a letter of interest, a recently updated CV with a list of publications, 
faculty position application form (http://rcb.nwsuaf.edu.cn/sort.php?sortid=8), and three letters of recommendations to: 
rencaike@nwsuaf.edu.cn. The University will arrange an interview after verifying of the materials and application materials. 
The University will cover the expenses of international travel when the candidate is invited for an interview. 


Please visit http://rcb.nwsuaf.edu.cn/ for more information. 


http://rcb.nwsuaf.edu.cn/ 


Faculty Positions Available in Southwest 
University, Chongqing, China 


Southwest University is a national key university of the “211” project 
directly under the Ministry of Education. It is located in Chongqing, 
the youngest municipality of China. The university hosts 
approximately 50,000 students, covering undergraduate, postgraduate 
and other programs. For more detailed information, please visit the 
website: http://www.swu.edu.cn/# 


Applications for full-time professors, associate professors and 
distinguished scientists are welcome. Competitive salaries and start-up 
funds will be provided to successful candidates, in line with the 
national Recruitment Program of Young Experts. 


The Recruitment Program of Young Experts (ic. the Plan for 
Recruiting 1,000 Professorship for Young Talents): The candidates are 
required to be under the age of 40 and have obtained a PhD degree in 
a world-renowned university with at least 3 years of research 
experience abroad, or have obtained a PhD degree in Mainland China 
with at least 5 years of research and teaching experience abroad. 
Special offers will be granted to those who have excellent research 
achievements during their doctoral study. 


Further information is available at http:// renshi.swu.edu.cn/regzbgs/ 
The Talents Recruitment Office, Southwest University,Beibei, 
Chongqing 400715, P. R. China. 0086-23-68254265. 


Please kindly send applications or nominations in the form 
of an application letter enclosing a current CV _ to 
rencai@swu.edu.cn. 
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al CAPITAL NORMAL UNIVERSITY 


Faculty Positions Available at 
Capital Normal University 


Capital Normal University invites applications for full-time positions in research and 
academics. 

Established in 1954, Capital Normal University (CNU) is a comprehensive university 
offering majors in arts and humanities, sciences, technology, business management, laws, 
education, foreign languages, and art. CNU is a key university under the administration of 
Beijing Municipal Government, and a Project 211 institution. 

For more detailed information, please visit the website http://www.cnu.edu.cn 
/pages/info_details.jsp?seq=20433 &boardid=71002&classcode=71002 


Eligible applicants: 

Young scholars with PhDs or postdoctoral research experiences with a specific area of 
expertise and outstanding research achievements. The applicant must be physically healthy, 
and demonstrate good teamwork skills. 

Professors are required to be under 45 years of age, exceptions can be made for holders of 
high-level academic titles; PhDs are expected to be under 35 years of age, and post-docs 
under 40. 

Employee benefits: 

CNU provides different levels of competitive salaries and start-up research funding. Housing 
and relocation allowances will be provided for the professors. Post-docs or PhDs from 
overseas universities with vice senior academic titles who have made significant academic 
achievements can apply for temporary housing. 

To apply: 

Please submit the following items to the related colleges or departments, and forward it to the 
Personnel Department of CNU : Curriculum Vitae; proposed work plan for 3 years; a list of 
papers and publications in the last 5 years; a list of awards won; a list of research projects 
participated or led by the applicants; and reference letters from experts in the applicant’s field 
of study. 


Please also sent paper copies of the application package to: 


Personnel Department, Capital Normal University, 105 Xisanhuanbeilu, Haidian District, 
Beijing 100048, P.R. China 

Contact: Zhou Quan, Chen Wenxin 

Email: cnursc2013@163.com 

Tel: 86-10-68902824 

Fax: 86-10-68902240 


online @sciencecareers.org 
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Center for 
Cancer Research 


STAFF CLINICIAN 
IN MEDICAL ONCOLOGY AND THORACIC ONCOLOGY 
Application Deadline: March 17, 2014 


The Thoracic and Gastrointestinal Oncology Branch (TGIB), Center for Cancer Research (CCR), National 
Cancer Institute (NCI), Department of Health and Human Services (DHHS) is seeking candidates for 
a Staff Clinician position. The position is located on the NIH campus in Bethesda, Maryland. The suc- 
cessful candidate will focus on translational research in thoracic cancers with an emphasis on malignant 
mesothelioma. The position involves close collaboration with basic scientists and performing innovative 
early-phase clinical trials of novel targeted agents being developed at the National Cancer Institute. These 
trials will use immunotherapy-based approaches to treat mesothelioma. 


We are seeking individuals interested in an academic career committed to advancing translational 
research. The candidate is expected to have strong background in translational research, management 
of malignant mesothelioma and in early-phase clinical trials. Prior experience with clinical development 
of immunotherapeutic agents is desirable. For further information about the Thoracic and Gastrointestinal 
Oncology Branch, NCI programs, faculty and training, or the NIH, please visit our respective web sites: 
http://cer.cancer.gov/labs/lab.asp?labid=997, http://ccr.nci.nih.gov/, and http://www.nih. gov. 


Candidates must have an M.D. degree and be board certified or board eligible in medical oncology. Salary 
will be commensurate with experience. Applications should include: a personal statement of clinical and 
research experience and interests; a current curriculum vitae and complete bibliography; and the names, 
addresses and phone numbers of five (5) references. Applications must be received by COB: March 
14, 2014; to the attention of Aaron Bell via e-mail at bella@mail.nih.gov; or mail: National Cancer 
Institute, 9000 Rockville Pike, Building 3, Room 4E17, Bethesda, MD 20892-1904. 


DHHS, NIH and NCI are Equal Opportunity Employers. 
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E.O. WILSON 


BIODIVERSITY SYMPOSIUM |~ 


April 22-24, 2014 
The University of Alabama > = ek 
Tuscaloosa, AL, USA 


Registration: www.biodiversity.ua.edu 
Beginning on Earth Day at The University of Alabama 


Join Dr. Edward O. Wilson and international biodiversity experts for three days of research briefings 
and forums on the state and future of biodiversity on our planet. 


Featuring the international release of Dr. Wilson’s new book, A Window on Eternity: Gorongosa 
National Park, Mozambique. 


Distinguished Speakers 


E. Virginia Armbrust Meg Lowman 

P. Dee Boersma D. Bruce Means 

R. Scot Duncan Michael B.A. Oldstone 
Ryan Earley Richard A. Richards 
Scott V. Edwards Leslie J. Rissler 

Harry W. Greene Sahotra Sarkar 

Juan M. Lopez-Bautista Diana H. Wall 
Jonathan B. Losos Edward O. Wilson 


Join Dr. Wilson and the College of Arts and Sciences as we explore biodiversity from a range of 
perspectives: biological, evolutionary, cultural, and philosophical. 


Registration: www.biodiversity.ua.edu 


THE UNIVERSITY OF ALABAMA 


COLLEGE OF ARTS AND SCIENCES 


AAAS is here — 


Science Funding, 
Climate Regulation, 
Human Rights. 


Around the world, governments turn 
to AAAS as an objective, multidisci- 
plinary scientific authority to educate 
public officials and judicial figures 
on today’s most pressing issues. And 
this is just one of the ways that AAAS 
is committed to advancing science to 
support a healthy and prosperous 
world. Join us. Together we can make 
a difference. 


To learn more, visit 
aaas.org/plusyou/policy 
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AWARDS CONFERENCE 


HUMAN FRONTIER 
SCIENCE PROGRAM 


(HFSP) 


CALL FOR NOMINATIONS FOR 
THE 2015 HFSP NAKASONE 
AWARD 


In keeping with its mission to promote innovative international 
research, HFSP invites nominations for the 2015 Nakasone 
Award which honors ground-breaking contributions in the life 
sciences. Typically these will be breakthroughs in understanding 
the complex mechanisms of living organisms that have important 
consequences for scientists throughout the world. Experimental, 
conceptual and technological contributions are eligible. This award 
recognizes the vision of former Prime Minister Nakasone of Japan 
in the creation of HFSP. 


The winner of the 2014 award was Uri Alon of the Weizmann 
Institute of Science, Rehovot, Israel, for his pioneering work in 
discovering network motifs in genetic circuits. 


The competition is open; it is not limited to HFSP awardees and 20th International 
there is no age limit for candidates. However the jury will pay AIDS Conference 
particular attention to recent breakthroughs by younger scientists. 

Nominations should be made before 4th April 2014 by submitting 

the one-page nomination form and the nominee’s CV (see the 

HFSP website for more information). The selection will be made 

by the HFSP Council of Scientists at its meeting in July 2014. 

The awardee will receive an unrestricted research grant of 10.000 


USD, a commemorative medal and an invitation to deliver the STEPPING UP 
Nakasone lecture at the 2015 HFSP Awardees Meeting. 
THE PACE 


HFSP, 12 quai Saint-Jean, 67080 STRASBOURG Cedex, 
France, www.hfsp.org/awardees 


| POSITIONSOPEN. 
REM NANYANG NUS Slim 


OF UNIVERSITY Notionel Universty SINGAPORE UNIVERSITY OF 


of Sengepore TECHNOLOGY AND DESIGN 


TEMASEK RESEARCH FELLOWSHIP (TRF) 


A globally connected cosmopolitan city, Singapore provides a 
supportive environment for a vibrant research culture. Its universities 
Nanyang Technological University (NTU), National University of 
Singapore (NUS) and Singapore University of Technology and Design 
(SUTD) invite outstanding young researchers to apply for the 
prestigious TRF awards. 


Under the TRF scheme, selected young researchers with a PhD 
degree have an opportunity to conduct and lead defence-related 
research. It offers: 


« A3-year research grant of up to S$1 million commensurate with 
the scope of work, with an option to extend for another 3 years 

e Postdoctoral or tenure-track appointment (eligibility for tenure- 
track will be determined by the university) 

« Attractive and competitive remuneration 


Fellows may lead, conduct research and publish in these areas: 


Beamless RF Generator 

High Power Laser Diodes 

Cognitive Science for Machine Intelligence 

Cyber Security 

Machine Intelligence — Software Architecture as Autonomy 
Enabler 


For more information and application procedure, please visit: 


NTU) —http://www3_ntu.edu_sg/trf/index_tri.htm! 


NUS —http://www.nus.edu.sq/dpr/funding/trf.html 
SUTD —hitp//www.sutd edu_sq/trf 


Closing date: 21 April 2014 (Monday) 


Shortlisted candidates will be invited to Singapore to present their 
research plans, meet local researchers and identify potential 
collaborators in July / August 2014. 
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POSTDOCTORAL POSITIONS 


POSTDOCTORAL FELLOW 


Protein Structure and Function. Position available at 
the University of Alabama at Birmingham in the labo- 
ratory of Dr. Margaret Johnson. We use solution NVR 
spectroscopy to study proteins involved in the metab- 
olism and molecular recognition of poly(ADP-ribose), 
a key biomolecule in the maintenance of genome in- 
tegrity, chromatin structure, and the cell cycle. Areas of 
research include determining high-resolution struc- 
tures of proteins and protein complexes, enzymatic 
synthesis, and computational simulations. 

Enthusiastic, motivated researchers are encouraged 
to apply. Candidates should have recently received a 
Ph.D. in a related discipline and have a strong back- 
ground in structural biology or biochemistry. To ap- 
ply please send a cover letter, curriculum vitae, and 
contact information for three references to e-mail: 
maggiejohnson@uab.edu. UAB is an Equal Opportunity/ 
Affirmative Action Employer. 


POSTDOCTORAL POSITIONS 


Two postdoctoral positions are immediately avail- 
able for the study of lipid signaling, with an emphasis 
of cholesterol and nuclear lipid signaling. Our inter- 
disciplinary research includes quantitative imaging 
of cellular lipids, genomic-scale analysis of membrane 
binding proteins, and small molecule modulation of 
membrane-protein interactions. Our group provides 
a highly challenging and supportive environment with 
state-of-the-art imaging and biophysical facilities. Moti- 
vated candidates with a strong background in cell biol- 
ogy, microscopy, and chemical biology are encouraged 
to apply. 

Please electronically send curriculum vitae and names 
of three references to: Wonhwa Cho, Department 
of Chemistry (M/C 111), University of Illinois at 
Chicago, 845 W. Taylor Street Chicago, IL 60607; 
e-mail: wcho@uic.edu. Website: http://brahms.chem. 
uic.edu. 


ANNOUNCEMENT 


CAREER OPPORTUNITY 


Doctor of Optometry (O.D.) degree in 27 months 
for Ph.D.s in science and M.D.s. Excellent career 
opportunities for O.D./Ph.D.s and O.D./M.D.s in 
research, education, industry, and clinical practice. 
This unique program starts in March of each year, 
features small classes, and 12 months devoted to 
clinical care. 

Contact the Admissions Office, telephone: 800- 
824-5526 at the New England College of Op- 
tometry, 424 Beacon Street, Boston, MA 02115. 
Additional information at website: http://www. 
neco.edu or at e-mail: admissions@neco.edu. 
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From technology specialists to patent 
attorneys to policy advisers, learn more 
about the types of careers that scientists 
can pursue and the skills needed in order 
to succeed in nonresearch careers. 
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